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CONFIDENTIAL  ABSTRACT 


'«  The  objective  of  this  program  was  to  demonstrate  a  practical  high 
energy  propellant  containing  a  dif luorami no  binder,  AIH3,  and  the  advanced 
oxidizer,  hydroxy lammonium  perchlorate  ((UP)  . 

(C)  While  considerable  technology  had  been  demonstrated  with  these 
energetic  ingredients,  there  were  several  problems  which  had  to  be  solved 
before  the  attractive  specific  impulse  and  density  of  an  advanced  system 
could  be  realized  in  a  practical  propelLant.  This  program  was  designed  to 
explore  the  problems  of  in-proccss  hazards,  system  compatibility  and 
stability,  and  reproducible  cures.  Induced  in  this  program  were  (1)  a 
comparison  of  TVOPA  plasticized  P-BEP  binder  with  low  energy  polymers 
highly  plasticized  with  TVOPA,  (2)  scale  up  of  propellants  based  on 
TVOPA/AP/A IH3 ,  and  (3)  a  study  of  the  feasibility  of  incorporating  HAP 
inco  a  dlt luoramlno  binder. 

(C)  Results  obtained  early  in  the  program  indicated  that  HAP  is  not 
usable  in  the  di £ luorami ne  cinders.  Compatibility  testing  indicated  con¬ 
siderable  Interaction,  and  coating  the  HAP  did  not  resolve  the  problem. 

A  2-in.  cube  of  P-BEP/HAP  propellant  ignited  after  10  hr  ac  75°  C  placing 
this  propellant  in  the  ICC  forbidden  category.  Effort  on  developing  HAP 
propellants  was,  therefore,  discontinued  in  favor  of  increased  efforts  in 
binder  development. 

(C)  Two  DOMINO  binders  were  developed  and  scaled  up  with  AIK3  tuel  and  nrui 
and/or  AP  oxidizer.  The  primary  effort  was  placed  on  developing  a  TVOPA 
plasticized  P-BEP  binder.  An  alternate  binder  based  on  a  low  energy  polymer 
highly  plasticized  with  TVOPA  (TVOPA /polymer  ratio  of  7/1)  was  developed 
and  propellant  using  this  binder  was  scaled  up  when  aging  problems  developed 
with  the  P-BEP  binder. 

(C)  The  development  of  the  TVOPA  plasticized  P-BEP  binder  required  ex¬ 
tensive  ingredient  characterization  and  catalyst  studies  to  achieve  satis¬ 
factory  mechanical  properties  and  cure  race/pot  life  trade  off.  Impurities 
in  the  P-BEP  and  in  the  TVOPA  interfered  with  the  cure  reaction  by  reacting 
with  the  isocyanate  and  by  poisoning  the  catalyst.  Careful  adjustment  of 
t^e  cure  stoichiometry  and  protection  of  the  catalyst  by  placing  it  on 
molecular  sieves  produced  AIH3-AP  propellant  having  satisfactory  mechanical 
properties  and  a  reproducible  cure.  Five  pound  motor  firings  of  the  P-BEP/ 
TVOPA/AP  propellant  containing  18-percent  AIH3  produc’d  3  delivered  impulse 

(I^Oq)  of  266  sec  with  an  efficiency  of  9U  percenC.  Accelerated  aging 

studies  of  the  P-BEP  propellants,  both  with  A1  and  AlHj  fuels,  indicate 
very  short  shelf  life  for  these  propellants.  Thu  primary  cause  of  failure 
is  CO2  gassing  from  the  binder.  Because  of  the  3hort  shelf  life  of  the 
P-BEP  binder  propellants,  effort  was  concentrated  on  developing  and  scaling 
up  propellants  based  on  an  alternate  binder. 


(C)  Three  low  energy  polymers  were  evaluated  for  use  with  TVOPA  in  the 
alternate  binder  devolopnt nt .  *n  ethyl  acrylate-aery  1 ic  acid  (EAAA) 
copolymer  cured  with  an  epoxide  shows  considerable  promise.  However,  an 
adequate  low  temperature  cure  which  is  required  to  prevent  gassing  from 
A 1  It ^  was  not  achieved;  therefore,  emphasis  was  placed  on  urethane  cured 
polymers  which  du  cure  at  low  temperatures.  An  ethyl  acrylate-hydroxy 
ethyl  acrvlate  (F.A-KEA)  copolymer  failed  to  give  satisfactory  mechanical 
properties,  but  a  copolymer  of  diethylene  glycol-adipic  acid  (Multron  R-18) 
did  give  satisfactory  mechanical  properties,  especially  when  the  TVOPA 
was  purified  to  remove  an  isocyanate  reactive  impurity. 

(C)  The  TVOPA/R-18  binder  was  scaled  up  to  10-quart  Hobart  and  5-gallon 
Day  mixes.  Two  propellants  were  fired  in  5 -Id  motors:  VKU  contained  22 
percent  AIH3  and  all  AP  oxidizer,  and  VKW  containing  18  percent  AIH3  anu 
10  percenc  of  the  AP  replaced  with  HMX  .  Both  gave  the  same  delivered 
impulse  (265.3  sec);  so  the  more  dense  VKW  propellant  was  selected  for 

scaleup  to  a  15-lb  motor.  The  delivered  impulse  ^|q0O  ^67.0  sec  and 

efficiency  of  94.5  percenc  indicate  that  high  efficiency  and  Impulse  is 
achievable  from  the  DOMINO  AIH3  propellant  system. 

(C)  Accelerated  aging  testing  of  the  VKW  propellant  was  performed  on 
2-in.  cracking  cubes  and  by  off-gas  analysis.  Results  indicate  that  when 
a  rapid  low  temperature  cure  is  achieved,  2-m.  cubes  have  a  reasonable 
shelf  life  with  a  predicted  life  of  5  years  at  25°  C.  However,  if  the 
cure  rate  is  slow,  general  microporos ity  will  occur.  CO2  generation 
during  cure  is  sufficient  to  cause  porosity  if  the  propellant  remains  in 
a  low  modulus  state  for  more  than  a  day  or  two.  Shelf  life  prediction  of 
a  7C-lb  BATES  motor  resulted  in  similar  conclusions.  With  a  rapid  cure 
the  propellant  will  survive  cure  and  will  not  fail  until  the  hydrogin 
generation  from  A1H]  accelerates  markedly  from  its  normal  generation  rate. 

(U)  A  time  extension  of  this  contract  permitted  the  preparation  of  a 
40-pound  motor  of  related  propellant  which  was  developed  on  the  follou-on 
contract,  F046 11 -70-0067 .  The  propellanc  (VML)  was  similar  to  VW, 
except  the  ratio  cf  TVOPA  tc  polymer  was  lowered  and  the  HMX  was  replaced 
by  A?  to  reduce  the  sensitivity  and  improve  the  shelf  life  of  the  VML 
propellant.  Extensive  ln-prccess  and  in-use  hazards,  shelf  life,  and 
ballistic  testing  was  performed  on  VML  in  the  follou-on  contract. 
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SECTION  I 
INTRODUCTION 


A.  BACKGROUND 

(C)  DifLuorami.no  binder  materials  have  demonstrated  three  advantages  over 
conventional  materials:  Specific  impulse,  density,  and  specific  impulse 
efficiency.  P-BEP,  poly  Cl, 2  bis(dif luoramino)  2,  3  epoxy  propane;],  offers 
these  advantages  with  the  potential  of  good  ambient  temperature  properties. 
TVOPA,  1,2,3,  triSLa,3*bis  (dif luoramino)  ethoxy3  propane,  is  an  available 
energetic  plasticizer  for  P-BEP.  Propellants  based  on  P-BEP  and  TVOPA  in 
conjunction  with  aluminum  hydride  (AIH3)  offer  important  improvements  in 
delivered  specific  impulse  over  other  "non-toxic"  propellants.  By  employ¬ 
ing  an  advanced  oxidizer  such  as  HAP,  the  density  penalty  incurred  with 
AIH3  can  be  avoided  and  additional  specific  impulse  can  be  gained. 

(C)  An  alternative  to  the  P-BEP  binder  is  a  low  energy  polymer  such  as  the 
epoxy-cured  EAAA  prepolymer  plasticized  with  TVOPA.  This  system  offers 
essentially  the  same  delivered  impulse  potential  and  density  as  the  P-BEP 
binder . 

(C)  While  considerable  technology  has  been  demonstrated  with  these  energetic 
Ingredients  under  previous  programs,  there  are  several  problems  which  must 
be  solved  before  the  attractive  specific  Impulse  and  density  of  an  advanced 
system  are  realized  in  a  practical  propellant.  These  problems  Include: 

(1)  greater  in-process  hazards,  (2)  poorer  9ystem  compatibility  and 
stability,  (3)  ingredient  hygroscpoicity ,  and  (4)  obtaining  optimum  and 
reproducible  cures  from  P-BEP.  In  addition,  final  utilization  of  the 
propellant  will  also  be  limited  unless  techniques  are  developed  to  signi¬ 
ficantly  decrease  the  intrinsically  high  burning  rate  associated  with 
difluoramino  binders  and  to  improve  the  comparatively  poor  shelf  life 
resulting  from  the  incorporation  of  present  quality  AlHj. 

B.  OBJECTIVE 

(C)  The  objective  of  thia  program  was  to  demonstrate  a  practical  high 
energy  propellant  based  on  a  difluoramino  binder  containing  AIH3  and  an 
advanced  oxidizer.  The  ultimate  rc vf oruiance  objective  was  a  delivered 
impulse  of  272  lbf-sec/ltxn  (15  degree  half-angle,  1000/14.7  psia)  at  a 
propellant  density  of  0.063  lb/in. 3. 

C.  PROGRAM  DEFINITION  AND  SCOPE 

(U)  The  technical  program  was  accomplished  in  three  phases.  Phases  I 
and  II  were  carried  out  concurrently  with  the  early  part  of  Phase  III. 

In  Phase  I,  a  comparison  of  P-BEP  and  TVOPA  plasticized  acrylate  binders 
in  combination  with  AP  and  HAP  were  made.  In  thi3  phase  the  ingredient 
control  and  process  studies  were  conducted  to  support  a  successful  scaleup 
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(U)  effort.  In  Phase  II,  the  P-BEP/TVGPA/A1H3/AP  system  was  more  fully 
explored  and  selected  propellants  scaled  up  through  the  70-lb  level.  The 
Phase  III  effort  was  designed  to  demonstrate  the  feasibility  of  a  difluoratnino 
binder  with  HAP . 

(C)  Early  in  the  program,  insurmountable  compatibility  problems  were 
encountered  with  HAP,  which  led  to  the  abandonment  of  this  oxidizer  in 
favor  of  additional  effort  with  A?  and  a  combination  of  AP  and  HMX.  A 
serious  problem  of  shelf  life  with  P-BF.P  led  to  the  replacement  of  this 
polymer  in  the  program  by  the  low  energy  polymers  EAAA  and  a  hydroxyl 
terminated  copolymer  of  diethylene  glycol  and  adipic  acid  (R-18)  . 
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SECTION  n 

INGREDIENT  CHARACTERIZATION  AND  COMPATIBILITY  STUDIES 

(U)  Previous  work  by  Hercules  under  contract  AF33(615)-5420^  had  shown 
that  a  potential  compatibility  problem  exists  between  the  advanced  oxidizer, 
HAP,  and  the  P-BEP  binder.  Tlicse  results  Indicated  the  need  for  additional 
analysis  and  testing  to  determine  whether  a  safe  system  could  be  found  for 
processing  a  HAP/DOMINO  propellant. 

(U)  The  stability  of  P-BEP  and  AIH3,  both  neat  and  in  propellant,  were 
also  of  major  concern.  As  a  consequence,  additional  effort  was  required 
to  provide  gaa  generation  rate  data  from  these  materials  in  propellants  and 
to  refine  shelf  life  prediction  models. 

(C)  In  addition  to  the  compatibility  problem  between  the  P-BEP  binder  and 
HAP,  problems  concerning  the  cure  of  P-BEP  have  also  seriously  limited  the 
development  of  P-BEP  propellants.  These  problems  have  been  characterized 
by  poor  reproducibility  in  mechanical  properties  and  propellants  that  have 
failed  to  cure  upon  scaleup  which  had  previously  cured  well  in  the  labora¬ 
tory.  A  serious  problem  with  catalyst  demand  increasing  as  mix  size 
increases  has  been  reported  by  United  Technology  Center^  in  conjunction 
with  the  scaleup  problem.  As  a  consequence,  It  was  desirable  to  compare 
the  properties  of  a  difluoramino  binder  utilizing  an  epoxy  cure  to  the  P-BEP 
urethane  cured  system.  The  epoxy-cureu  EAAA  prepolymer,  plascicized  with 
TVOPA,  offers  promise  of  approaching  the  performance  levels  of  the  P-DEP 
system.  A  comparison  of  the  two  binder  systems  containing  AIH3  and  both 
AP  and  HAP  was  desirable. 

(U)  The  efforc  discussed  in  this  section  is  divided  into: 

(1)  Ingredient  characterization 

(2)  Stability  and  compatibility  testing 
A.  INGREDIENT  CHARACTERIZATION 

(U)  Preliminary  characterization  of  the  three  basic  ingredients,  P-BEP, 
TVOPA,  and  AIH3  was  conducted  early  in  the  Phase  l  effort.  This  character¬ 
ization  provided  support  for  the  compatibility  and  stability  testing  in 
Phase  I . 
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1 .  P-BEP  and  TVOPA 

a  .  General  Testing 

(C)  Analytical  testing  of  the  major  fluorine  containing  pro¬ 

pellant  ingredients,  P-BEP  and  TVOPA,  was  in  essence  performed  as  outlined 
by  previous  investigators  with  the  exception  of  a  few  necessary  and 
appropriate  modifications.  Unlike  mo3t  previous  work  on  these  types  of 
materials,  the  analytical  methods  used  for  the  characterization  were 
designed  to  accomaodacu  macro-sized  samples.  Thus,  small  changes  in 
samples  might  mere  easily  be  measured.  For  instance,  percenc  carbon, 
hydrogen,  and  nitrogen  (C,  H,  and  N)  were  determined  by  weighing  gram 
quantities  of  Che  sample,  diluting  of  and  taking  an  aliquot  for  analysis. 
Measurements  of  flucrine  in  P-BEP  and  TVOPA  were  scaled  up  to  a  macro 
technique  by  performing  appropriate  base  hydrolyses  on  macro-sized  sanples. 
The  fluoride  was  cheu  measured  by  a  direct  titration  with  lanthanum  (III), 
using  a  fluoride  ion  specific  electrode.  The  micro  technique,  used  pre¬ 
viously  for  this  purpose,  utilized  a  Schoniger  combustion  with  a  colori¬ 
metric  determination  for  fluoride. 3 

(C)  Hydroxyl  determinations  on  P-BEP  were  made  directly  by 

infrared  (IR)  and  indirectly  by  an  isocyanate  demand  technique.  This 
latter  method,  developed  by  Hudson,  et.al.,  at  Esso,^  depended  on  reaction 
of  the  sample  hydroxyl  functionality  with  tolueneaulf ony 1  isocyanate 
(TSNCO)  and  measurement  of  the  isocyanate  (NCO)  take-up  by  IR.  This 
isocyanate  demand  method  was  also  applied  to  TVOPA  as  this  compound  was 
found  to  consume  a  significant  amount  of  isocyanate.  This  determination 
on  TVOPA  replaced  IR  hydroxy  and  vinoxy  determinations  since  adequate 
standards  for  the  measurement  of  these  functional  groups  were  not  available. 

(U)  Solids  in  "as  received"  P-BEP  and  TVOPA  were  determined 

gravimetrically  after  vacuum  stripping  of  solvent.  Moisture  and  residual 
solvent  determinations  were  performed  by  gas  chromatographic  techniques. 

(C)  As  previously  stated,  the  determination  of  elemental 

fluorine  in  P-BEP  incorporated  a  base-hydrolysis  step.  Though  P-BEP  was 
very  difficult  to  hydrolyze,  a  thorough  hydrolysis  was  obtained  through 
the  use  of  a  combination  of  piperidine  (suggested  in  a  report  by  Fokin 
et.al. )5  and  tetrabuty 1-anmonium  hydroxide  in  ethanol.  The  hydrolyzed 
fluoride  was  then  determined  by  a  potentiooetric  titration  with  lanthanum 
(III),  using  a  fluoride  ion  specific  electrode  as  recommended  by  Lingane.^ 
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(C)  This  fluorine  determination  initially  constituted  a  problem 

as  the  fluorine  content  of  the  samples  varied  with  the  degree  to  which  the 
samples  were  stripped  of  residual  solvent.  Invariably,  longer  evacuations 
of  samples  produced  lower  elemental  fluorine  analyses.  For  instance,  an 
incoming  P-BEP  sample,  still  in  methylene  chloride,  was  found  to  be  com¬ 
posed  of  42.3  percent  fluorine.  After  a  22  hr  nitrogen  purge,  this  value 
remained  unchanged.  However,  after  a  48-hr  evacuation  the  fluorine  content 
dropped  to  41.5  percent.  The  fluorine  content  of  this  sample  was  further 
diminished  to  39.8  percent  by  extended  exposure  of  the  sample  to  water- 
saturated  methylene  chloride,  followed  by  a  stripping  of  this  solvent. 

(C)  This  volatile  fluorine  compound,  loet  by  P-BEP,  was 

identified  as  hydrogen  fluoride  (HF)  .  Identification  was  accomplished  by 
titrating  both  the  hydrogen  and  fluoride  ions  in  water  washea  of  incoming 
methylene  chloride  solutions  of  P-BEP.  A  typical  wash  was  titrated  with 
0.05N  tetrabuty l-ammonium  hydroxide  to  measure  the  equivalents  of  strong 
acid  present.  Then,  the  sample  solution  was  adjusted  to  a  pH  of  4.0  and 
titrated  with  0.2N  lanthanum  (III)  nitrate  in  a  manner  already  described 
to  determine  the  equivalents  of  fluoride.  The  equivalents  of  hydrogen  and 
fluoride  ions  were  invariably  identical  in  every  wash. 

(C)  The  effect  of  stripping  P-BEP  was  also  followed  by  elemental 

nitrogen  analysis  and  isocyanate  demand  determinations.  No  measurable 
changes  were  observed  in  the  nitrogen  content  of  P-BEP.  The  isocyanate 
demand  of  P-BEP,  however,  did  change  with  evacuation.  This  change  is 
discussed  in  paragraph  b. 

(C)  The  characterization  of  TVOPA  was  performed  in  a  manner 

similar  to  that  used  for  P-BEP.  Again,  the  elemental  fluorine  content  of 
TVOPA  was  determined  after  a  base  hydrolysis  step.  However,  a  complete 
hydrolysis  was  obtained  with  sodium  hydroxide  in  methanol  with  this  com¬ 
pound.  Once  hydrolyzed,  the  fluoride  was  determined  in  the  same  manner 
described  for  P-BEP.  In  contrast  to  P-BEP,  however,  TVOPA  stripping  was 
readily  accomplished  without  loss  in  fluorine.  Moreover,  HF  was  never 
detected  in  Freon  solutions  of  chis  compound.  The  determination  of  solids, 
trace  water,  and  Freon  in  TVOPA  was  perform  as  described  earlier  for 
P-BEP.  Although  TVOPA  was  used  in  chis  program  as  a  plasticizer,  it  was 
found  that  neat  TVOPA  contained  substantial  amounts  (up  to  half  the 
reactivity  of  P-BEP  in  some  cases)  of  an  isocyanate-reactive  functional 
group.  Consequently,  isocyanate  demand  determinations  were  performed  on 
TVOPA  also.  A  continued  discussion  of  this  determination  is  presented  in 
paragraph  b. 

b .  Isocyanate  Demand  Test 

(U)  The  use  of  TSNCO  for  the  determination  of  the  hydroxyl 

equivalent  of  polymeric  binder  materials  is  based  on  a  one-to-one  equivalent 
reaction  of  the  isocyanate  with  the  hydroxyl  groups  of  the  polymer.  The 
high  reactivity  of  this  isocyanate  allows  the  reaction  with  secondary 
hydroxyl  groups  co  be  complete  in  approximately  24  hr  in  the  absence  of 
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(U)  a  cacalyst.  Possible  side  reactions  which  may  alter  the  one-to-one 
isocyanate- to-hydroxyl  reaction  ratio  will  affect  the  method. 

(C)  The  isocyanate  demand  test  was  run  by  allowing  eicher  P-BEP, 

TVGPA,  or  a  mixture  of  the  two  materials  to  read  with  a  known  amount  of 
TSNCO  for  24  hr.  The  TSh'CO  vss  standardised  by  reaction  with  a  known  amount 
of  n-Butanol.  The  isocyanate  content  of  the  solution  waa  measured  by  an 
IR  method  before  and  24  hr  after  addition  of  the  material  to  be  analyzed. 

The  amount  of  isocyanate,  consumed  during  the  24  hr  period,  waa  used  to 
calculate  the  hydroxyl  equivalent  of  the  material. 

(C)  The  P-BEP  polymer  was  received  from  the  manufacturer  as  a 

27  percent  solution  in  methylene  chloride.  The  equivalent  weight  of  the 
P-BEP  polymer  (Lot  No.  10316-134),  as  determined  by  the  above  isocyanate 
demand  method,  was  found  to  be  1670  gm  after  correction  for  che  solids 
level  of  the  solution.  The  water  content  of  che  P-BEP  solution  was  found 
to  be  0.08  percent  by  a  gas  chromatographic  method. 

(C)  The  equivalent  weight  of  "neat"  P-BEP  (Lot  No.  10316-134) 

was  found  to  average  2240  gm  using  the  TSNCO  method.  This  agreed  with  an 
average  value  of  2210  gm  as  determined  by  a  direct  IR  method  using  poly¬ 
propylene  glycol  as  a  standard.  The  "neat"  P-BEP  had  been  stripped  of 
methylene  chloride  by  sparging  with  dry  nitrogen  and  storing  in  a  vacuum 
dessicator  for  24  hr.  The  water  content  of  the  "neat"  P-BEP  was  found  to 
be  0.05  percent  by  a  gas  chroma tographic  method.  (The  presence  of  both 
water  and  HF  in  the  "as  received"  P-BEP  solution  was  thought  possible  to 
cause  aide  reactions  and  thus  cause  the  differences  in  the  equivalent  weight 
of  the  P-BEP  before  and  after  stripping.  Therefore,  additional  studies 
were  undertaken  to  explore  these  possible  side  reactions.) 

(U)  In  order  to  study  the  effects  of  water  on  che  isocyanate 

demand  test,  known  amounts  of  water  were  added  to  a  solution  of  TSNCO. 

Thus,  the  reaction  of  the  added  water  could  be  followed  by  the  race  of 
disappearance  of  the  isocyanate  band  ac  2235  cm"!.  The  reaction  curves  of 
several  water  concentrations  are  plotted  in  Figure  1.  The  curves  show  that 
the  reaction  of  TSNCO  with  water  is  essentially  complete  in  3  to  4  hr .  The 
amounts  of  isocyanate  which  were  consumed  in  a  23-hr  period  corresi  >nded 
approximately  Co  a  one-to-one  equivalent  reaction.  This  reaction  was 
confirmed  by  the  IR  identification  of  pure  P-toluenesuifonamide  in  che  dried 
residue  from  a  methylene  chloride  solution  containing  TSNCO  and  water. 

(C)  Water  waa  thus  found  to  react  very  rapidly  with  toluene- 

sulfonyl  isocyanate.  The  reaction  race  of  water  was  comparable  to  the 
reuedon  of  sample  hydroxyl  groups.  Thus,  the  presence  of  0.1  percent 
water  In  a  stripped  P-BEP  sample  would. add  to  che  isocyanace  demand  and 
cause  a  decrease  In  the  reported  equivalent  weight  of  approximately  10 
percent.  On  the  other  hand,  a  cypical  moisture  of  0.1  percent  in  "as 
received",  30-percent  P-BEP  In  methylene  chloride  solution  would  cause  an 
error  of  greater  magnitude,  decreasing  the  equivalent  weight  by  about  30 
percent.  Thus,  most  of  Che  difference  existing  in  measured  equivalent  weights 
between  stripped  and  unstripped  P-BEP  can  be  attributed  to  residual  H£0. 
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(C)  The  reaction  rates  of  TDI  and  water  with  respect  to  P-SEP 

systems  have  been  studied  at  Sheli.'  Water  was  found  to  react  very  slowly 
with  TDI  when  uncatalyzed;  however,  with  a  catalyst  the  rate  waa  comparable 
to  that  of  P-BEP,  Thus,  in  actual  propellant  mixes,  most  water  will  react. 
Therefore,  the  moisture  content  is  important  to  the  overall  reaction  of 
P-BEP  and  isocyanate.  The  equivalent  weights  obtained  by  the  TSNCO  method 
on  P-BEP  should  not  be  corrected  for  moisture  present  if  the  P-EEP  is  to 
be  used  in  propellant  mixes.  For  baseline  data  on  P-BEP,  the  moisture 
correction  should  be  applied. 

(C)  The  Isocyanate  demand  test  was  applied  to  TVOPA  in  place 

of  the  direct  IR  determination  of  the  hydroxyl  functionality  because 
standard  materials  were  not  available  for  the  IR  method.  The  measurement 
is  expressed  in  grams  per  OH  equivalent  for  convenience.  The  stripped 
TVOPA  was  allowed  to  react  with  TSNCO  in  the  same  manner  as  for  P-BEP. 

(C)  Vacuum  stripping  of  TVOPA  was  accomplished  more  easily  than 

for  P-BEP  due  to  its  lover  viscosity.  The  water  content  of  stripped  TVOPA 
was  found  to  be  lower  than  that  of  P-BEP.  The  equivalent  weight  of  a 
sample  of  clear,  freshly-stripped  TVOPA  (Lot  No.  20339)  containing  less 
than  0.01  percent  water  waa  determined.  The  equivalent  weight  was  found  to 
be  6880  gm ,  This  equivalent  weight  was  probably  due  to  the  hydroxyl  con¬ 
taining  impurities  in  the  TVOPA. 

(C)  A  sample  of  TVOPA  which  had  been  standing  at  room  temperature 

for  several  weeks  was  found  to  develop  a  straw-yellow  color.  The  aged  TVOPA 
was  evacuated  in  a  uessicator  tor  IU  nr  and  the  isocyanate  demand  oia  not 
Change  significantly.  This  indicated  that  the  isocyanate  reactive  material 
was  nonvolatile.  The  yellow  color  did  not  decrease.  The  yellow  material 
was  believed  to  be  a  polymeric  material  and  is  not  necessarily  a  factor 
in  the  NCO  demand . 

(C)  Stripping  of  all  residual  solvent  and  water  from  the  viscous 

P-BEP  has  been  found  to  be  very  difficult.  However,  for  propellant  pro¬ 
duction  purposes  this  stripping  is  accomplished  by  preparing  a  1:  l  mixture 
of  P-BEP  and  TVOPA.  This  mixture  does  not  tend  to  form  surface  films  and 
thus  may  be  vacuum  stripped  to  water  and  methylene  chloride  levels  of  less 
than  0 .01  percent . 

(C)  The  use  of  1:1  P-BEP-TV0PA  mixtures  in  propellant  formulations 

suggested  that  the  Isocyanate  demand  be  run  on  this  mixture.  A  1:  1  F-BEP- 
TVOVa  pretiiix  was  reacted  with  TSNCO  for  29  hr.  The  equivalent  weight  was 
determined  in  the  same  manner  as  for  P-BEP.  A  1:  1  F-BEP-TVOPA  premix  con¬ 
taining  less  than  0.01  percent  water  had  an  equivalent  weight  of  3135  gm. 

This  value  was  lower  than  would  be  expected  if  the  P-BEP  were  diluted 
with  an  inert  isaterial.  The  relatively  high  Isocyanate  demand  of  the  water- 
free  1:  1  P-3EP-TV0PA  mixture  probably  waw  caused  by  the  isoeyarutc  reactive 
material  In  the  TVOPA, 
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(U)  Tables  I  and  II  show  typical  analyses  of  P-BEP  and  TVOPA 

used  throughout  the  program. 

TABLE  I 

EVALUATION  OF  P-BEP,  LOT  10316-134 


TABLE  IL 

EVALUATION  OF  TVOPA,  BATCH  4A-768 


Determination 

Hercules  Analysis 

Percent  N 

17  .3 

Percent  F 

47.4 

Percent  H2O 

0.02 

Percent  alcohol 

'Replaced  by  NCO  demand 
test 

Percent  vinoxy 

Replaced  by  NCO  demand 
test 

CONFIDENTIAL 

roMPinruTiAi 


CONFIDENTIAL 


2  .  TVOPA  Characterlzac ion 

(C)  Previous  work  had  shown  char  the  TVOPA  (Aerojet)  being  used  on 

this  program  has  an  isocyanate  demand  approximately  one-third  that  of  P-BEP 
on  a  weight  basis.  The  implications  of  this  were  not  known  but  it  was  felt 
that  a  reactive  species  in  .he  TVOPA  could  interfeie  in  primary  cure 
reactions.  As  a  result,  preliminary  studies  were  initiated  to  determine 
means  of  eliminating  the  TVOPA  isocyanate  demand  . 

(C)  Previous  work  at  Hercules'  ABL  facility  indicated  that  silica 

gel  might  be  effective  for  removal  of  the  isocyanate-reactive  species. 

Using  this  concept,  as-received  TVOPA  was  passed  through  a  column  of 
chromatographic  grade  silica  gel  (0.2  to  0.5  ran).  The  eluate  was  stripped 
and  desiccated  overnight.  The  r.eat  recovered  TVOPA  was  then  analyzed  by 
the  previously  reported  isocyanate  demand  technique  (meaning  toluene  sulfonyl 
Isocyanate  uptake  measured  by  IR) .  It  was  found  that  the  Isocyanate  demand 
was  completely  removed  in  the  abovu  technique. 

(C)  After  elution,  a  yellow  band  wus  found  at  the  top  of  the  column  - 

obviously  separated  material.  An  ether  elution  was  successful  in  removing 
only  one  component.  An  IR  spectrum  of  this  material  closely  resembled 
TVOPA,  but  had  a  significant  absorbance  in  the  bonded  OH  portion  of  Che 
spectr-m  which  was  not  moisture.  A  difference  wa3  also  noticed  In  the  IR 
spectra  of  TVOPA  before  and  after  treatment.  A  measurable  decrease  was 
observed  in  the  C-ii  absorbance  and  in  the  previously  reported  carbonyl 
absorbance  after  the  column  treatment. 

(C)  Apparently,  several  compounds  were  removed  with  this  cleanup 

procedure,  one  possibly  being  a  hydroxy  containing  TVOPA-llke  compound  and 
Che  other  an  aliphatic  carbonyl  compound. 

3.  AlHi 

(C)  Prior  to  starting  this  program,  Dow  Chemical  had  reported  improved 

thermal  stability  for  neat  AIH3  through  the  use  of  an  n-bucylamine  (NBA)/ 
water  hydrolysis  treatment.  Previous  work  at  Hercules  had  used  AIR3 
treated  by  an  acrylonitrile  (AN)  hydrolysis.  As  a  result,  a  prelin. inary 
comparison  of  the  stability  of  neat  AIH3,  obcained  from  both  the  NBA  and 
AN  treatments,  was  made. 

(C)  To  aid  in  this  analysis  a  technique  was  developed  to  determine 

AIH3  from  an  active  hydrogen  analysis.  Previous  methods  have  not  dif¬ 
ferentiated  between  active  hydrogen  and  that  from  various  hydrates.  Purity 
analysis  from  oxygen  determination  is  also  contingent  upon  knowing  the 
particular  hyd  ate  forms.  Several  approaches  were  Investigated  for  the 
purity  determination  including  volumetric,  X-ray  diffraction,  pyrolysis, 
and  hydrolysis  techniques,  A  combination  of  X-ray  diffraction  and  hydrolysis/ 
oxidation  proved  to  be  the  most  successful.  In  this  technique,  several 
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(C)  tenths  of  a  gram  of  the  .  1H3  sample  was  hydrolyzed  in  an  aqueous  sodium 
hydroxide  solution.  The  hydrogen  liberated  by  the  hydrolysis  was  dried 
and  then  oxidized  to  water.  The  water  was  collected  on  mag  .slum  perchlorate 
and  determined  graviraetrically .  Both  AIH3  and  any  aluminum  metal  present 
yielded  hydrogen.  Thus,  X-ray  diffraction  was  used  to  determine  any  aluminum 
metal  present  at  levels  greater  than  l  percent. 

(C)  The  two  passivation  treatments  consisted  of  adding  three  parts 

liquid  to  two  parts  AIH3  and  agitating  slowly  at  60°  C.  A  water  add  was 
made  to  both  liquids  to  adjust  the  total  water  content  to  1.3  percent  by 
weight.  A  composite  blend  of  26  lots  of  AIH3  was  used.  Incremental  with¬ 
drawals  were  made  at  periods  of  3,  7,  14,  and  21  days.  The  treated  AIH3 
vas  then  vacuum  baked  1  hr  at  100°  C  to  remove  residual  solvents.  The 
stability  of  the  resulting  material  was  then  determined  both  neat  and  In 
propellant  by  Taiiani  testing  at  60°  C.  Purity,  mix  viscosity,  and  particle 
shape  by  photomicrographs  were  monitored  as  a  function  of  treatment  time. 
Selected  propellant  samples  were  also  cured  and  the  resulting  grains  studied 
for  signs  of  porosity. 

(C)  Figure  2  shows  the  effect  of  treatment  time  on  percent  decomposi¬ 
tion  of  the  neat  AIH3  at  4  days  at  60°  C  for  both  the  acrylonitrile  and 

NBA  treatments.  As  shown,  both  treatments  improved  the  stability  of  neat 
AIH3  by  an  order  of  magnitude  after  approximately  7-days  treatment. 

(C)  Figure  3  shows  AIH3  assay  as  a  function  of  treatment  time. 

Assuming  the  dlplienylacetylene  is  removed  during  the  treatment  cycle,  both 
treatments  showed  almost  a  linear  decrease  in  purity  with  time.  After  7 
days  the  purity  less  exceeds  l  percent  and  some  decrease  in  ballistic  per¬ 
formance  could  be  expected. 

(C)  Figure  4  shows  photomicrographs  as  a  function  of  time  for  the 

NBA  treatment.  After  14  days  crystal  structural  damage,  i.e.,  particle 
shape  and  size  changes  are  apparent  and  extensive  damage  is  evident  after 
21  days.  The  acrylonitrile  treatment  showed  extensive  damage  after  even 
only  3  days  of  treatment.  Increasing  mix  viscosities  with  increasing 
treatment  times  followed  the  trend  that  would  be  expected  from  the  photo¬ 
micrographs.  As  a  result  of  the  purity  decrease  and  structural  damage 
evidenced  in  both  treatments,  Dow  personnel  were  contacted  and  have  indi¬ 
cated  that  in  similar  treatment  cycles  only  approximately  1-percent  purity 
loss  (as  calculated  from  oxygen  analysis)  was  obtained  with  no  evidence 
of  structural  damage.  A  comparison  of  treatment  cycles  gave  apparent 
differences  only  in  the  amount  of  agitation  during  treatment  and  the 
possibility  of  a  slightly  higher  water  content  in  the  Hercules  cycle. 

Based  on  these  results,  it  appears  the  AIH3  water  hydrolysis  treatments 
are  fairly  sensitive  to  process  variables  and  that  purity  analysis  during 
the  treatment  cycle  is  important.  Based  on  these  preliminary  results,  a 
7-day  NBA  treatment  cycle  was  selected  for  the  initial  formulation  effort. 
Further  evaluation  of  the  NBA  treatment  for  AIH3  in  propellant  is  discussed 
in  Section  VI . 
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Flgura  2.  Effect  of  Treatment  on  Stability  of  Neat  AlHj 
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Figure  4.  Effect  of  60  C  n-Buty laroine  Treatment  on  A1H 
Stability 
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B.  SYSTEM  COMPATIBILITY  AND  STABILITY 

1 .  Compatibility  of  HAP  with  P-BEP 

(C)  The  key  to  successful  development  of  a  difluoramlno  binder  con¬ 

taining  an  advanced  oxidizer  lies  in  development  of  a  compatible  and  stable 
cure  system.  Previous  work  by  Hercules  under  Wrlght-Patterson  Contract 
AF33(615) -5420^  had  shown  that  a  potential  compatibility  problem  exists 
between  the  advanced  oxidizer,  HAP,  and  the  P-BEP  binder.  Results  of 
stability  testing  of  final  propellant  mixes  including  a  trllsocyanate 
curative  and  the  DBTDA  catalyst  are  listed  in  Table  III,  and  results  of 
multicomponent  testing  by  differential  thermal  analysis  (OTA)  are  pre¬ 
sented  in  Table  IV. 


TABLE  III 


STABILITY  TESTING  OF  TVOpA/r  REP  PROPELLANTS 


Formula  tion* 

Teat 

AP/A1  |  HAP/A  1 

HAP/AIH3 

Fischer-Johns  Autoignition  (°C) 

227 

178 

176 

DTA  Onset  (°C) 

170 

123 

130 

Peak  Exo  (°C) 

196 

161 

152 

♦Matrix  contained  P-BEP/TVOPA/triphenylmethane  criisocyanate/DBTDA 

CONFIDENTIAL 

(C)  Results  in  Table  IV  show  that  the  HAP  system  is  significantly 

less  thermally  stable  than  the  AP  system,  and  indicates  that  a  fundamental 
incompatibility  exists  between  HAP  and  the  binder  at  elevated  temperatures. 
Although  the  ignition  temperatures  for  the  HAP  systems  are  above  che  normal 
operating  temperatures,  these  results  show  that  the  safety  margins  for 
thermal  initiation  during  processing  were  markedly  reduced. 

(C)  To  determine  the  effect  of  coating  HAP  and  of  adding  potential 

HF  scavengers  on  the  stability  of  HAP,  an  additional  compatibility  study 
was  performed.  The  following  systems  were  studied: 

(a)  P-PAPI  coated  HAP: TVOPA 

(b)  A1203  over  P-PAPI  coated  HAP:TVOPA 

(c)  3A  molecular  sieves  over  P-PAPI  coated  HAP:  TVOPA 

(d)  P-PAPI  costed  HAP: P-BEP: TVOPA 
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TABLE  IV- 

SYSTEM  COMPATIBILITY  BY  OTA 


System 

Initial 

Exotherm 

<°C) 

Major 

Exotherm 

<°C) 

Other 

Peaks 

(°C) 

Results 

P-REP 

151 

203 

193  exo 

Autoigni tion 

TVOPA 

240  endo 

253  endo 

-- 

Evaporation 

HAP 

1 

173 

139 

90  endo 

Autoignltior. 

AIH3 

180  endo 

200 

ISO  endo 

Aut  oigni t Ion 

P-BEP /TVOPA  1: 1 

187 

222 

Explosion 

P-BEP/AIH3-I  1:1 

124 

215 

174  exo 

Autoignition 

tvopa/aih3 

170 

182 

-- 

Autolgnitlon 

TVOPA /HAP 

159 

166 

-- 

Explosion 

HAP/ALH3 

139 

164 

96  endo 
203  exo 

Autoignition 

P-BEP /TVOPA/HAP 

128 

164 

— 

Explosion 

TVOPA /HAP /A 1H3 

134 

156 

-- 

Explosion 

P-BEP/TVOPA/HAP/AIH3 

120 

142 

— 

Explosion 

Note:  OTA  cast  programmed  at  5°C/min 
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(C)  A s  shown,  P-PAPI  coated  HAP  was  used  in  all  tests.  Previous  results 
have  shown  that  the  PAPI  coating  significantly  reduced  the  HAP: TVOPA 
interaction. 

(C)  The  samples  were  heated  to  50°  C  for  approximately  14Q  hr  in 

the  off-gaa  analyzer.  The  gases  were  then  determined  end  the  sample 
residues  were  analyzed  for  TVOFA  via  residual  fluorine  and  HAP  via  the 
hydroxylcmmonium  ion. 

(C)  Table  V  presents  a  grid  of  the  experiment  together  with  fluorine 

and  HAP  recoveries  on  the  sample  residues.  Table  VI  presents  the  off-gas 
data.  Both  the  residue  analyses  and  the  off-gas  determinations  demonstrated 
that  P-PAPI-caoted  HAP  alone  was  the  best  coating  treatment.  The  other 
treatments  with  AI2O3  and  molecular  sieve  either  caused  additional  compati¬ 
bility  problems  of  themselves  or  demonstrated  that  the  additional  treat¬ 
ments  possibly  removed  some  of  the  P-PAPI  coating  by  abrasion  or  fracturing 
of  the  crystals.  Similar  creatmenc  of  a  mixture  of  only  TVOPA  with  molecular 
sieve  or  AI2O3  may  be  worthwhile.  Perhaps  the  most  outstanding  finding 
was  the  degree  to  which  P-BEP  was  incompatible  with  HAP.  This  incompati¬ 
bility  was  much  more  pronounced  chan  any  demonstrated  before  with  TVOPA-KAP 
systems  . 

(C)  It  is  concluded  from  these  results  that  the  use  of  HAP  with  P-BEP 

binder  is  not  feasible  due  co  a  basic  incompatibility  of  HAP  with  P-BEP. 

A  study  of  the  compatibility  of  HAP  with  another  potential  Hinder  cfaaa) 
was  undertaken  to  determine  whether  HAP  could  be  used  with  this  binder. 

2  .  Compatibility  Screening  with  EAAA  Binder 

(C)  Compatibility  screening  of  the  EAAA  prepolymer  with  the  proposed 

ingredients  was  accomplished.  These  results  for  the  various  ingredient 
combinations  are  presented  in  Table  VII.  The  EAAA  was  found  to  be  compatible 
with  both  che  HAP  and  AIH3.  However,  the  diepoxide  (ERL  4221,  the  curative) 
when  in  combination  with  the  HAP,  either  in  the  binder  (TVOPA/EAAA/ERL 
4221)  or  by  itself,  lowered  the  ignition  temperatures.  The  HAP/ERL  4221 
combination  gave  a  major  exocherm  at  151°  C  and  that  for  che  HAP/binder 
was  132°  C.  It  should  be  noted  chat  the  concentration  of  the  ERL  4221 
was  in  considerable  excess  (about  30  to  40  cimes)  of  chac  which  would 
orindarily  be  in  accual  propellant  formulations.  The  remaining  possible 
ingredient  combinations  were  considerably  more  thermally  stable.  The 
major  exotherm  by  DTA  for  RAP  was  found  to  be  165°  C.  This  value  is  lower 
chan  that  (180°  C)  reported  in  the  literature;  however,  for  purooses  of  this 
compatibility  study,  test  resulcs  are  relative. 
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TABLE  VI 

OFF  CASES  FROM  COMPATIBILITY  TESTS  OF  TREATED  HAP 

(cc/gm) 


Sample 

N2 

CO 

n2o 

HCN 

Total 

1 

0.11 

0.09 

0.12 

0.0045 

ND** 

ND 

0.32 

2 

0.13 

0.33 

1.01 

0.042 

0.05 

0.004 

1.6 

3 

0.17 

C.41 

0.96 

0.033 

0.09 

0.01 

1.7 

4* 

1 

i 

1 

>2.1 

X:ell  leaked 
**None  dececced 
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(C)  The  effect  of  the  polymethyl  polyphenyl  isocyanate  (PAPI)  coating 

(used  to  Improve  handling  characteristics)  on  the  thermal  stability  of  HAP 
was  also  checked.  Apparently,  chis  coating  has  no  effect  on  the  stability 
of  the  HAP  by  itself,  butan  earlier  autoignition  (173°  C  on  the  Fischer- 
Jchr.s  tcct)  did  occur  when  the  coated  HAP  wa:  placed  in  combination  with 
the  ERL  4221.  However,  essentially  the  same  exothermic  condition  (157°  C) 
was  found  as  that  for  the  uncoated  HAP  for  this  combination  on  DTA  . 


(C)  For  the  AlHj/ingredient  combinations,  good  thermal  stability 

waa  found.  Under  60°  C/23  hr  Taliant  test  conditions,  very  minimal  pressure 
increases  were  indicated. 


(C)  Using  the  binder/AP/AL  combination  as  a  control,  relacive  thermal 

stabilities  of  the  AP/AIH3  ar*d  HAF/AIH3  propellant  systems  were  established. 
As  expected,  the  AP/AIH3  system  was  slightly  less  thermally  staole  chan 
the  control.  The  HAP/AIH3  system  showed  a  significantly  lower  thermal 
stability  of  the  same  order  as  the  P-BEP/HAP/AIH3  propellants. 

3  .  Propellanc  Stability  Testing 

(C)  Compatibility  testing  of  the  oxidizer,  fuel  combination  under 

consideration  with  TVOPA  plascicized  EAAA  binder  was  continued  in  propel¬ 
lant  cure  studies.  (Refer  to  Table  VIII.) 


I 


CONFIDENTIAL 


ACRYLATE -ACRYLIC  ACID  (£AAA)  PR£ POLYMER  COMPATIBILITY 


CONFIDENTIAL 


I 

i 

20 

CONFIDENTIAL 


\ 


Reter  to  end  of  table  for  legend 


ETHYL  ACRYLATE -ACRYLIC  ACID  (EAAA)  PREPOLYMER  COMPATIBILITY 


CONFIDENTIAL 


l 


Coated  with  polyracthylene  polyphenyl  isocyanate  (PAPI) 

No  endothermic  or  exothermic  condition  from  0°  to  300°  C  at  a  heat -tip  rate  of  5C  C/min 
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(C)  When  AP  was  replaced  with  HAP,  profuse  gassing  occurred.  Because 

the  magnitude  of  gassing  Indicated  significant  decomposition  of  one  or  more 
major  ingredients,  attempts  were  made  to  analyze  the  resulting  propellants 
for  the  major  ingredients.  Two  propellants  which  had  been  cured  for  several 
days  ac  140°  F  were  analyzed. 

(C)  The  propellants  were  first  extracted  with  methylene  chloride  to 

remove  TVOPA  and  other  soluble  fluorine  compounds.  This  extract  was 
analyzed  for  fluorine  by  baae-hydrolyais  and  titration  with  lanthanum  (III), 
using  an  ion  specific  electrode.  The  residue  was  then  extracted  with  water 
and  the  HAP  concentration  was  determined  by  titrating  the  hydroxyl  ammonium 
and  perchlorate  ions  separately.  The  residue  from  the  water  wash  was 
analyzed  by  X-ray  diffraction  for  percent  nlH^.  Both  IR  and  TLC  were  used 
for  confirming  the  constituents  In  the  various  extracts.  Off-gas  analyses 
were  also  performed  on  these  samples. 

(C)  Data  from  the  propellant  analyses  are  presented  in  Table  IX.  As 

can  be  seen,  TVOPA  underwent  a  major  decomposition,  losing  one  out  of  three 
fluorine  atoms.  In  addition,  entire  difluoramlne  groups  were  lost  as 
evidenced  by  .he  presence  of  HCN  in  off-gas  analyses  and  in  the  HAP 
titrations  as  well.  IR  studies  indicated  that  Che  basic  skeletal  structure 
of  TVOPA  had  not  changed  but  that  the  Intensity  of  several  characteristics 
N-F  bands  did.  In  fact,  decrease.  The  TVOPA-like  material  in  the  pro¬ 
pellant  was  compared  to  pure  TVOPA  by  TLC.  No  TVOFA  could  be  found  in 
the  TLC  analysis  . 

(C)  The  HAP  concentration  did  not  change  at  severely  as  did  TVOPA. 

The  perchlorate  Ion,  generally  regarded  as  one  of  the  poorest  oxidizers 
under  these  conditions,  was  present  in  slightly  higher  concentrations 
than  the  hydroxy laamonlum  ion,  which  indicated  chat  a  decomposition  in  the 
cationic  portion  of  the  molecule  had  occurred.  The  fact  that  most  of  the 
HAP  was  still  present  was  confirmed  by  IR.  The  hydroxy lammonium  ion 
titrations  also  served  to  measure  the  presence  of  a  strong  acid  entity 
and  probably  HCN  in  the  water  washes.  The  fact  that  a  relatively  large 
amount  of  strong  acid  was  present  together  with  an  excess  of  CIO4  suggests 
that  a  least  some  perchloric  acid  could  be  present  in  the  sample  together 
with  HF  and  perhaps  HNO3.  This  strong  acid  entity  could  be  a  result  cf 
both  TVOPA  and  hydroxy laononlum  ion  decompositions. 

(C)  The  preceding  analysis  indicated  chat  a  serious  TVOPA  stability 

problem  existed  in  the  presence  of  HAP  and  chat  a  mote  thorough  under¬ 
standing  of  the  binary  HAP-TVOPA  system  was  necessary.  As  a  result,  a 
study  was  designed  for  chle  purpose  as  discussed  in  the  following  paragraphs. 
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4 .  Reaction  of  HAP  and  TVOPA  -  Off-Gas  Analyst?  and  Recovery  Study 

(C)  Several  one-to-one  mixtures  of  HAP  and  TVOPA  were  placed  in  the 

stainless  steel  off-gas  analysis  system.  No  gas  was  evolved  after  several 
days  at  room  temperature.  The  temperature  was  then  raised  to  50  C  and 
the  decomposition  products  evolved  as  shown  in  Table  X. 


TABLE  X 

OFF-GAS  ANALYSIS  OF  HAP-TVOPA  MIXTURES  AT  50°  C 


Sample 

Cas  Evolved  (cc/gm) 
2U  hr 

Gas  Evolved  (cc/gm) 

120  hr 

Control,  TVOPA 
only 

None 

None 

TVOPA  +  dried  HAP 

C02- 0.019 

N20-0. 14 

CO2-0.025 

N20-0. 26 

N2-0.29 

HF  -  present 

NF  compounds  -  present 

TVOPA  +  PAPI- 

C02-0.08A 

CO2*0.06 

coated  HAP 

N,O*0, 15 
* 

N20-0.15 

N2-0.18 

11F  -  not  present 

NF  compounds  -  not  present 

TVOPA  +  ultra  dry 

C02*0.02G 

C02-0.07 

RAF 

N2O-0. 12 

n2o-o.h 

N2  -  present,  not  measured 
HF  -  present 

NF  compounds  -  present 
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(C)  The  off-gas  analysis  shows  that  there  was  a  definite  reaction 

of  the  TVOPA  and  HAP  at  50°  C.  The  reaction  was  controlled  to  some  extent 
by  the  PAPI  coating  of  the  HAP  surface.  All  gases,  except  C02 ,  were  reduced 
in  the  sample  containing  the  PAPI-coated  material. 

(C)  The  samples  were  washed  from  the  stainless  steel  tubes  and  the 

amounts  of  fluorine  as  TVOPA  and  fluoride  as  HF  and  TVOPA  decomposition 
were  measured,  the  HAP  was  determined  as  hydroxyl ammonium  ion.  The 
results  are  presented  in  Table  XI . 
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TABLE  XI 


RECOVERY  STUDY  OF  TVOPA-KAP  REACTION  AT  50°  C 
(STAINLESS  STEEL  TUBES) 


Sample 

Percent  F  as 
TVOPA  Recovered 

Percent  F  as  HF 
Recovered* 

Percent  EAP 
Recovered 

TVOPA  only 

101.5 

None 

None 

TVOPA  +  dried 

HAP 

90.  A 

9.1 

72.1 

TVOPA  +  PAPI- 
coated  HAP 

97.3 

2.1 

97.7 

TVOPA  +  ultra¬ 
dry  HAP 

89.9 

_ 

6.9 

78.3 

*Represents  HF  remaining  in  tube  after  off-gas  analysts 

CONFIDENT  IAL 

(C)  The  reaction  of  HAP  and  TVOPA  was  evident  in  all  coses,  but  was 

reduced  in  the  system  containing  PAPI-coated  HAP. 

(C)  Several  HAP-TVOPA  binary  mixtures  were  tested  after  a  7*day 

German  test  at  50°  C.  The  HAP  crystals  had  changed  to  a  brown  color  while 
the  TVOPA  had  lost  its  initial  straw-yellow  color.  The  TVOPA  layer  (clear 
liquid)  was  found  to  contain  a  strong  carbonyl  band  at  1735  cm"'-.  The 
significance  of  the  band  has  not  been  determined.  Some  etching  was  noted 
on  all  glass  tubes  containing  mixtures  of  TVOPA  and  HAP.  No  ecching  was 
seen  on  the  tube  contalng  TVOPA  only. 

(C)  The  contents  of  the  German  tubes  were  removed  and  the  concents 

analyzed  for  organic  fluorine  in  TVOPA,  fluoride  as  RF  from  TVOPA  decom¬ 
position,  and  HAP  as  hyd roxylammonium  ion.  The  resulcs  are  presented  in 
Table  XII. 

(C)  Compared  to  reactions  In  the  stainless  steel  tubes,  German  tube 

reactions  were  somewhat  reduced.  This  may  have  been  due  to  the  presence 
of  glass  which  would  absorb  HF  and  prevent  its  further  reaction.  However, 
the  binary  reaction  did  occur  in  all  mixtures  although  the  reaction  wa9 
reduced  by  the  PAPI  coating  on  the  HAP  surface. 
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TABI£  XII 


RECOVERY  STUDY  OF  TVOPA -HAP  REACTION  AT  50°  C 
(GERMAN  TUBES) 


Sample 

Percent  F  as 

TVOi  A  Recovered 

Percent  F  as  HF 
Recovered 

Percent  HAP 
Recovered 

TVOPA  only 

100 

None 

-- 

TVOPA  +  dried 
HAP 

88 

0.8 

98 

TVOPA  +  PAPI - 
coated  HAP 

95 

2.5 

97 

TVOPA  +  ultra- 
dry  HAP 

93 

2.5 

97 
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(C)  Results  of  the  binary  testing  of  HAP  and  TVOPA  mixtures  coupled 

with  the  propellant  cure  studies  indicate  there  is  a  strong  interaction 
of  HAP  and  TVOPA  at  elevated  temperatures.  Although  this  interaction  is 
reduced  by  the  PA?I  coating  and  a  stabilizing  environment  such  as  molecular 
sieves  or  glass,  it  appeared  doubtful  that  a  stable  system  could  be 
achieved . 

5 .  ICC  Thernul  Stability  and  Cracking  Cube  Tests 

(U)  One  critical  test  to  establish  the  practicality  of  a  propellant 

is  the  ICC  thermal  stability  test.  In  this  test  a  2-in.  cube  of  propellant 
is  placed  in  an  oven.  The  temperature  is  raised  to  75°  C  and  maintained 
for  48  hr.  If  rhe  test  results  in  either  explosion,  burning,  or  marked 
decomposition  of  the  sample,  the  material  will  be  classified  as  ICC 
"Forbidden 

(C)  Samples  of  five  propellants  were  subjected  to  this  test  as 

shown  below: 

Propellant  12  3  4  5 

Basic  System  DB/AIH3  P-BEP/AP  P-BEP/AP/AIH3  P-BEP/HAP/A1  EAAA/AP/A1H3 

The  P-BEP/HAP  propellant  samples  were  obtained  from  a  one-pint  Baker- 
Perkins  mix.  Al  was  substituted  for  AIH3  to  reduce  sensitivity  problems 
and  some  AP  was  used  to  obtain  better  solids  loadings. 
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(C)  The  mix  vas  cast  inco  a  2-iu.  cube  for  ICC  testing .  The  cube 

was  well  cured  after  24  hr  at  80°  ?,  and  it  waa  nonporous .  Table  XIII  shows 
the  composition  of  the  propellants  tested  and  the  test  results.  The 
P-BEP  binder  with  AP  (VXN)  survived  the  teat  with  very  little  change. 
Aluminum  hydride  incorporation  caused  no  noticeable  changes  in  the  double¬ 
base  (FHA)  or  ethyl  acrylate  binder  (BC.- 158-28)  ,  but  did  show  evidence 
of  scxne  gassing  (swelling),  and  softening  of  the  propellant  in  the  P-BEP/ 
TVOPA  binder  (VKO) .  The  sample  containing  HAP  in  the  P-BEP/TVOPA  binder 
(BC-165-2)  burned  after  10  hr  and  15  min.  The  oven  door  waa  blown  open 
and  che  tray  that  the  sample  was  sitting  on  was  ejected,  but  there  was 
only  superficial  damage  to  the  interior  of  the  oven.  These  results 
Indicate  that  of  Che  systems  tested,  only  the  P-BEP/HAP  system  fell  In 
the  ICC  "Forbidden"  category. 

(C)  From  the  results  of  the  ICC  tests  it  was  recommended  that  no 

further  work  be  performed  with  Che  P-BEP/HAP  system.  Based  on  the  com¬ 
patibility  tests,  development  of  a  practical  HAP  propellant  in  a  difluoramine 
environment  with  AIH3  appeers  extremely  unlikely  and  no  additional  HAP 
formulation  work  vas  conducted. 
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TABLE  XIII 

RESULTS  OF  ICC  THERMAL  STABILITY  TESTS 


PropellinC  Designation 

or  Reference 

FRA 

VKH 

VKO 

BC-158-28 

BC-165-2 

l 

2 

3 

k 

5 

NC 

8.0 

SC 

57.4 

TECDN 

2.6 

BDNPA 

2.0 

HD  PA 

0.3 

MgO 

0.5 

PCA-TDI 

0.7 

HMX 

15.0 

AP 

20.5 

62.: 

36.9 

45 

19.0 

AlH, 

23.0 

23.0 

25 

p-n£p 

17.6 

19.0 

19.0 

TVCFA 

17.6 

19.0 

25 

19.0 

TCP 

0.5 

0.5 

0.5 

Mondur  TM 

EAAA 

1.68 

1.82 

5 

1.7 

Epoxy 

CWX-105 

0.2 

0.2 

1 

1.0 

HA? 

26.0 

Al 

15.0 

Taac  Result. 

Weight  change  (*.) 

■•0.05 

-0.05 

-0.12 

-0.05 

Volume  change  (7.) 

0 

-l 

0 

Appearance 

No  «tg- 

Color 

Color 

No  algnlf 1  - 

Semple  burner 

ntflcant 

dark- 

darkened. 

cant  change 

after  10-1'4 

change 

ened 

Bulged  out 

In  center. 
Cracked  on 
one  face 

nr 

Duroneter  Hardnaaa  (A  Scale) 

Before 

51 

44 

56 

32 

After 

77 

49 

34 

56 

CONTIDmiAL 
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SECTION  III 
BINDER  STUDIES 

(U)  The  major  goal  of  this  effort  was  to  make  the  P-BEP  binder  work. 

However,  since  there  were  a  number  of  known  problems  associated  with 
P-BEP,  considerable  effort  was  also  expended  on  alternate  binder  systems. 

A.  P-BEP  BINDER 

(C)  Although  che  theoretical  hydroxyl  functionality  of  P-BEP  is  3,  the 
actual  functionality  is  less  than  2.  Thus,  P-BEP  cannot  be  cured  directly 
with  diisocyanates .  Either  a  diisocyanace/triol  combination  or  a  tri- 
isocayante  must  be  employed  to  obtain  adequate  cures.  Problems  resulting 
from  the  low  functions lirv  coupled  with  a  rather  poor  stability  characterized 
by  the  probable  elimi nv c ion  of  HF  have  precluded  the  systematic  development 
of  P-BEP  propellants.  An  additional  problem  which  places  severe  constraint 
upon  P-BEP/AIH3  propellants  is  the  need  for  rapid  development  of  propellant 
modulus  at  low  cure  temperatures  to  prevent  formation  of  porosity.  Probably 
as  a  result  of  a  combination  of  the  above  problems,  United  Technology 
Center^  has  reported  problems  with  P  BEP/AIH3  propellants  characterized  by 
non-reproducible  cures  and  non-cures  during  scaleup. 

(U)  To  eliminate  the  problems  of  nonreproducible  cures,  Initial  cure 
studies  with  P-BEP  were  directed  towards  the  use  of  curatives  with  a 
functionality  greater  chan  2  and  the  search  for  catalysts  less  susceptible 
to  HF  poisoning  than  che  standard  organotin  catalysts. 

(C)  Initial  curing  studies  were  conducted  with  propellants  containing  a 
50:50  mixture  of  P-BEP/TVOPA  binder  crossllnked  with  triphenylmechane 
triisocyanate  (TWiTI)  .  The  NCO:  OH  ratio  was  varied  from  0.6  to  1.6. 

(The  equivalent  weight  used  for  the  P-BEP  was  based  on  che  IR  functionality.) 
The  catalyst  level  was  maintained  at  0.1  percent  dibutyltin  diacetate 
(DBTDA)  to  ensure  sufficient  cacalyst  for  adequate  cures  in  all  cases.  The 
binder  was  filled  with  AIH3  and  AP  at  a  solids  loading  of  approximately  60 
percenc.  Table  XIV  summarizes  the  results  of  this  study. 

(C)  No  firm  cures  were  obtained  at  NCO: OH  ratios  of  0.6,  0.8,  or  1.0. 
Reasonably  good  cures  were  obtained  at  an  NCO: OH  ratio  of  1.2  and  excellent 
cures  at  NCO:  OH  ratios  of  1.4  and  1.6,  The  pot  life  was  extremely  short 
for  che  1.6  NCO: OH  ratio  mix.  Based  on  these  results,  the  optimum  NCO: OH 
ratio  appeared  to  be  in  the  range  of  1.2  to  1.4  for  formulation  purposes. 

The  NCO: OH  ratio  of  1.2  (based  on  the  IR  equivalent  weight  for  P-BEP)  is 
basically  the  same  ratio  as  was  found  in  previous  work  to  give  good  cures 
at  the  l»lb  ’evel.  This  NCO:  OH  ratio  corresponds  to  0.83  based  on  the 
equivalent  weight  of  P-BEP  determined  by  the  TDI  method. 
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(C)  The  functionality  test  samples  were  split  and  cured  at  both  50°  and 
115°  F.  Complete  cure  was  basically  achieved  within  24  hr.  Very  little 
postcuring  was  achieved  after  the  first  day.  No  real  difference  in  cure 
rate  was  seen  between  the  two  temperatures,  possibly  because  of  the  high 
catalyst  levels. 

(C)  To  determine  the  effect  of  catalyst  type  and  level  on  cure  properties 
a  series  of  25-gm  mixes  were  made.  The  propellant  formulation  used  in  all 
mixes  is  presented  in  Table  XV.  The  SCO: OH  ratio  waa  constant  it  1.4:  1.0. 
The  following  catalyst  systems  were  evaluated: 

(1)  DBTDA 

(2)  DBTDL 

(3)  CW-X105  (Linde  Company) ,  molecular  sieves  loaded  with 
10-percent  DBTDL 

(4)  CW-X156A,  molecular  sieves  loaded  with  20-percent  methyl- 
diethanolamine 

(5)  CW-X116,  molecular  sieves  loaded  with  15-percent 
triethylamine 

(C)  The  two  straight  organo-tin  salts  were  evaluated  over  a  catalyst 
level  from  0.01  to  0.1  percent.  All  mixes  were  cured  at  50°  to  60° 

Table  XV  also  sunnarizen  the  results  of  mixes  made  with  both  catalyses. 

In  general,  the  DBTDA  showed  slightly  greater  catalytic  activity  as 
evidenced  by  faster  cures  and  a  lower  minimum  catalyst  level  necessar 
for  curing.  The  greater  activity  of  DBTDA  is  to  be  expected  based  on  a 
higher  total  tin  concent.  A  minimum  DBTDA  catalyst  for  cure  was  approxi¬ 
mately  0.02  percent  while  0.04  percenc  was  required  for  the  DBTDL  system. 

(C)  The  three  molecular  sieves  containing  catalysts  were  also  evaluated 
in  the  formulation  presented  in  Table  XV  at  an  active  catalyst  level  of 
0.05  percent.  The  mixes  containing  CW-X-156A  (loaded  with  20  weighc 
percent  methyl-diethanolamine)  and  CW-X116  (loaded  with  15  weight  percent 
dibutylcin  dilaurate)  cured  well.  Apparently,  the  teriary  amines  are 
not  strong  enough  urethane  catalysts  for  the  P-BSP-OH/TWTI  reaction.  Thi 
is  in  line  with  other  work  which  has  shown  teriary  amines  to  have  much 
less  catalytic  effect  than  the  organo-tin  compounds.  No  further  woik  is 
planned  with  the  teriary  amine  catalysts. 
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TABLE  XV 

P-BEP  CURE  -  CATALYST  STUDY 


FORMULATION 


Ingredient 

Percent 

P-BEP 

19.0 

TVOPA 

19.0 

TCP 

0.50 

TPMTI 

1.50 

AP 

41.80 

A1H3 

18.0 

Cacalyst 

Var lab le 

NCO/OH 

1.4 

MIX  RESULTS 


Catalyst  Type 

Catalyst  Level 

Cure  Results 

DBTDL 

0.1 

Cured 

0.05 

Cured 

0.04 

Cured 

0.02 

Uncured 

0.01 

Uncured 

DBTDA 

0.1 

Cured 

0.05 

Cured 

0.02 

Marginal  cure 

0.01 

Uncured 
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(C)  The  CW-X105- loaded  molecular  sieves  were  also  evaluated  at  a  DBTDL 
catalyst  level  of  0.02  percent.  A  good  cure  was  obtained  in  4  days  at 
a  cure  temperature  of  50°  to  60°  F.  In  contrast,  a  mix  containing  0.02 
percenc  DBTDL  added  directly  to  the  formulation  would  not  completely  cure. 
This  suggests  the  possibility  that  some  catalyst  deactivation  is  prevented 
by  the  molecular  sieves.  In  the  use  of  chemically  loaded  molecular  sieves, 
the  catalyst  is  theoretically  only  released  by  displacement  with  KF,  H2O, 
or  other  species  with  similar  molecular  diameters.  Thus,  the  use  of  the 
molecular  sieves  may  provide  a  means  for  reducing  the  total  catalyst  level 
and  improving  pot  life  while  still  maintaining  good  cures.  A  detailed 
study  of  the  effect  of  HF  on  the  cure  catalysts  was  made,  This  work  is 
described  in  Appendix  A.  This  effort  proved  that  HF  poisons  the  catalyst, 
and  molecular  sieves  provide  some  protection  of  the  catalyst.  Based  on 
the  above  catalyst  study,  the  CW-X105  catalyst  was  chosen  for  further 
evaluation  and  for  comparison  with  the  unprotected  catalyst  DBTDA . 

(C)  Initial  pot-life  studies  were  conducted  using  mixes  containing  0.1 
percent  DBTDA  catalyst  (based  on  total  propellant  formulation).  This  was 
the  same  cacalyst  level  used  in  the  functionality  tests.  For  these  mixes, 
the  initial  viscosity  Increased  from  200,000  to  750,000  cps  within  30  min, 
showing  an  undesirably  short  pot  life  existed  at  this  catalyst  level. 

(C)  As  a  result,  additional  pot-life  studies  were  made  at  lower  catalyst 
levels.  Figure  5  shows  viscosity  as  a  function  of  time  for  the  formulation 
presented  in  Table  I  made  with  near  minimal  catalyst  levels  of  0.02  percent 
for  both  tha  DBTDA  and  CW-X1G5  catalyst  systems.  Also  shown  is  the  un- 
Catalyzed  system  for  compart  son  purposes  .  Both  catalyzed  systems  show  a 
rapid  increase  in  viscosity  for  the  first  2  hr  followed  by  an  apparent 
decrease  in  the  cure  rate  particularly  for  the  DBTDA  system.  The  apparent 
change  in  cure  rate  may  be  due  to  partial  catalyst  deactivation  by  HF. 

(C)  Even  at  0.02  percent  catalyst  level  the  rapid  Increase  in  initial 
viscosity  shown  in  Figure  5  could  limit  obtaining  the  desired  nigh  solids 
loadings.  As  a  result,  the  catalyst  level  was  further  reduced  and  an 
elevated  temperature  cure  cycle  employed.  Propellants  formulated  wicn 
no  catalyst  and  0.004  percent  DBTDA  and  DBTDL  were  evaluated  in  cure  studies 
with  a  115°  F  cure.  Ac  the  0.004  percenc  cacalyst  level,  a  good  cure  was 
obtained  with  the  use  of  both  catalysts  in  4  to  6  days.  The  propellant 
formulation  containing  no  cacalyst  cured  in  8  to  10  days;  however,  it  was 
somewhat  softer  than  catalyzed  formulations.  In  Che  several  samples  cured 
without  a  catalyst,  porosity  was  detected  in  each.  This  may  be  due  to 
slow  development  of  physical  properties  coupled  with  gassing  from  either 
the  isocyanate-water  reaction  or  AlH^  deccoposition . 
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(C)  Based  upon  the  results  of  che  above  cure  studies,  pot  life  studies 
were  made  at  75°  and  120°  F  for  propellant  formulations  containing  DBTDA 
and  DBTDL  catalyst  levels  ranging  from  0  to  0.02  percent.  For  the  120°  F 
studies,  the  mixes  were  made  ac  75°  F,  the  viscosity  measured,  and  che 
mix  then  heated  to  120°  F.  The  results  are  plocted  in  Figure  6.  A 
catalyst  level  of  0.004  percent  gave  a  good  pot  life  at  both  75°  and  120°  F. 
The  120°  F  temperature  mix  cycle  reduced  the  propellant  viscosity  by 
approximately  one-half,  and  a  pot  life  in  excess  of  4  hr  ttas  indicated. 

It  is  concluded  chat  a  good  balance  between  pot  life  and  cure  time  is 
obtained  with  an  active  catalyst  level  of  0.004  percent,  whether  the 
catalyst  was  supported  or  not. 

(U)  Since  changes  in  cure  have  been  not'?d  during  scaleup,  which  could  be 
blamed  on  incrersed  poisoning  by  Hr,  the  catalyst  supported  on  molecular 
sieves  (CWX  105)  was  chosen  for  use  in  this  program  . 

(C)  The  efficiency  of  che  DBTDL  catalyst  Introduced  through  molecular 
Steves  was  also  investigated  to  determine  if  the  molecular  sieves  would 
influence  the  optimum  NC0:OH.  A  propellant  formulation  containing  the 
DBTDL  cacalysc,  added  directly,  was  used  as  a  reference.  The  composition 
was  formulated  at  NC0:0H  ratios  of  1.0  and  1.2  and  at  a  catalyst  level 
of  0.02  percent.  No  difference  in  state  of  cure  was  detected  for  the 
caealyst  addition  mechod  in  the  propellant  ac  corresponding  NCO:  OH  ratios. 
The  lower  the  NCIcOH  ratio,  che  poorer  was  the  cure. 

(C)  In  conjunction  with  temperature  considerations  to  reduce  propellant 
mix  viscosity,  a  study  uas  conducted  to  determine  the  feasibility  of  in¬ 
creasing  the  TVOPA:  P-BEP  ratio  to  achieve  this  objective.  Propellant 
compositions  were  formulated  at  TV0PA/P-BEP  levels  of  1.5  to  1.0  and  2.0 
to  1.0.  The  propellants  were  cured  with  tripheny Imethane  trllsucyanate 
at  NCO: OH  ratios  ranging  from  1.4  to  1.8.  Cure  results  are  reported  in 
Table  XVI.  As  the  TVOPA  level  is  increased,  the  NCO.OH  ratio  must  be 
increased  to  achieve  a  good  cure.  This  is  probably  explained  by  the 
isocyanate  demand  of  TVOPA  which  has  been  found  to  exist.  The  2.0-TV0PA/ 
1.0-P-BEP  binder  system  in  the  propellant,  cured  at  an  NCO:  OH  ratio  of  1.8, 
looked  very  good.  The  viscosity  of  this  propellant  was  so  low  that  all 
the  solids  settled;  whereas,  in  the  same  formulation  containing  a  1-TVOPA/ 
1-P-8EP  binder  there  was  no  solids  settling.  Thus,  there  is  room  to 
significantly  increase  solids  loading  by  considering  eleveated  mix  tempera¬ 
ture  and  in  increasing  che  TVOPA  percentage  in  relation  to  P-BEP  in  the 
binder . 

(C)  A  preliminary  evaluation  was  also  made  of  four  alternate  isocyanate 
curatives  shown  below  as  a  replacement  for  TPWTI: 

(1)  Hondur  MRS  (Upjohn) 

(2)  Isonate  1-500  (Upjohn) 

(3)  PAPI  (Upjohn) 

(4)  Mondur  CB-75  (Mobay) 
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TABLE  XVI 

CURE  RESULTS  OF  P-BEP/TVOPA  PROPELLANTS  WITH 
INCREASED  LEVELS  OF  TVOPA 


■ - 

- - - ■ - 

P-BEP/TVOPA  Ratio 

1.0/1. 5 

1. 0/2.0 

NC0:0H  ratio 

1.4 

1.6 

1.6 

1.8 

Cure  results 

Days  H5°  f 

Poor  cure 

14 

Good  cure 

5 

Poor  cure 

9 

Good  cure 

5 

CONFIDENTIAL 

(C)  The  results  of  this  evaluation  are  presented  in  Table  XVII.  The  first 
three  curatives  are  derivatives  of  4 ,4 'dipheny lmethane  dlisocyanate  and  the 
Mondur  CB-75  is  the  TDI  adduct  of  1,2,6  hexane  triol.  The  CB-75  is  tri- 
functional  and  the  other  three  curatives  are  polyfunct tonal .  Initial  cure 
studies  were  performed  with  the  MRS,  1-500,  and  C3-75  in  the  basic  formula¬ 
tion  at  an  NCO:  OH  ratio  of  1.4  to  1.0  and  a  DBTDA  catalyst  level  of  0.2 
percent.  All  mixes  were  cured  at  room  temperature.  None  of  these  mixes 
gave  a  good  cure.  Additional  cure  studies  were  performed  with  the  PAPI 
and  the  1-500  curatives  at  a  cacalyst  level  of  0.02  percent  over  an  NCC;  C'.l 
range  of  1.4  to  2.2.  All  mixes  were  cured  at  a  temperature  of  115°  F. 

Table  XVII  t.hows  that  in  order  to  obtain  a  good  cure  from  these  isocyanates, 
a  much  higher  NCO:  OH  ratio  was  required  compared  to  the  TPMT1  curative. 

In  addition,  all  cured  propellanc  showed  evidence  of  some  porosity.  These 
results  indicate  seerlc  hinderance  may  have  inhibited  the  cure  rate  and 
allowed  the  water-isocyanate  reaction  to  occur.  As  indicated,  none  of 
.he  alternate  curatives  evaluated  showed  any  significant  improvement  over 
TPMTI . 

B.  ALTERNATE  BINDER  STUDIES 
l .  Objective 

(U)  The  objective  of  this  effort  was  to  evaluate  an  alternate  binder 

aa  a  back  up  for  P-BEP.  Major  emphasis  has  been  placed  in  obtaining  a 
good,  reliable  cure  and  eliminating  compatibility  problems.  The  prime 
objective  is  to  develop  a  binder  system  that  retains  high  TVOPA  levels  and 
possesses  adequate  pot  life,  processlbllity,  and  mechanical  properties 
when  cured  in  the  75°  to  100°  F  range. 
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2  .  Background 

(C)  Two  typ€B  of  prepclymer,  acrylates,  and  polyesters,  were  evaluated 

as  binders  for  the  TVOPA-AIH3  propellant  in  this  program.  Acrylate  pre- 
pclymers  were  first  evaluated  in  TYOPA  plasticized  propellants  by  the  Rohm 
£»  Haas  Co.  Copolymers  of  ethyl  acrylate  „nd  acrylic  acid  (having  carboxylic 
acid  functionality)  were  crosslinked  with  epoxides  by  Rohm  &  Haas  giving 
TV0PA-A1  propellants  with  acceptable  mechanical  properties.  These  pro¬ 
pellants  were  cured  at  140°  F  and  there  was  no  evidence  in  the  literature 
that  highly  filled  carboxyl-epoxy  systems  could  be  cured  at  100°  F  or 
below.  Therefore,  a  cure  study  was  needed  to  determine  whether  a  low 
temperature  cure  could  be  obtained  through  the  use  of  cure  catalysts. 
Simultaneously,  a  study  of  the  acrylate  prepolymers  containing  hydroxyl 
functionality  seemed  warranted  since  hydroxyl  functional  prepolymers  can 
be  cured  at  low  temperatures  with  isocyanates. 

(U)  Copolymers  of  HEA/EA  that  were  supplied  by  Dow  Chemical  were  used 

for  this  evaluation. 

(U)  The  polyester  prepolymer  (Multron  R-18)  used  in  this  investigation 

is  a  diethylene  glycol  adipate  polymer  terminated  with  hydroxyl  groups. 

Cure  was  obtained  with  a  diisocyanate  and  crosalinking  with  a  criol. 

3  •  EAAA  Prepolymer 

(C)  Since  Rohm  &  Haas  had  characterized  the  EAAA/TVOPA  binder  in 

alu  < zed  propellants,  Hercules  first  step  in  the  EAAA  evaluation  was  to 

repr..  one  of  the  Rohm  &  Haas  formulations  and  compare  the  results  to 
ensure  that  Rohm  &  Haas  properties  could  be  achieved  with  the  particular 
lota  of  ingredients  available  for  this  program.* 

(C)  Attempts  were  made  to  duplicate  the  mechanical  properties  of 

both  the  Rohm  c*  Haas  d-105  v^O  percent  binder,  5:  l  TVOPA:EAAA)  and  U-110 
(40  percent  binder,  7:1  TVOPA:EAAA)  formulations.  Table  XVIII  is  a  summary 
of  l-lb  mixes  made  with  a  95:5  EAAA  prepolymer  with  both  the  5:1  and  7:1 
TVOFA:  EAAA  f ormulations ,  It  was  readily  apparent  that  neither  the  Rohm 
&  Haas  reported  60-hr  cure  rate  at  140°  F  nor  their  mechanical  properties 
were  being  obtained  in  the  initial  propellant  mixes.  (Refer  to  mix  No. 

158-29  in  Table  XVIII.)  These  mixes  were  made  without  the  AI2O3-C  coated 
AP,  with  10k  Al  in  place  of  3k  Al,  and  with  Aerojet  TVQPA  in  place  of 
Rohm  &  Haas  TVOPA .  Propellant  cures  were  characteristically  much  longer 
and  tensile  strengths  much  lower  than  reported  by  Rohm  &  Haas.  Although 
changes  in  the  epoxy/carboxy  ratio  significantly  affected  the  propellant 
elongation,  little  Improvement  was  obtained  in  tensile  strengths.  As  a 
result,  attempts  were  made  to  determine  which  of  the  three  variables 
(AI2O3-C  coated  AP,  Al  particle  size  or  TVOPA  source)  was  affecting  che 


♦Rohm  &  Haas  supplied  the  prepolymers  used  for  this  program. 
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(C)  mechanical  properties  and  cure  rate.  Mixes  made  (No.  158-88  through 
158*92)  to  study  these  variables  are  summarized  in  Table  XIX.  Since  no 
Rohm  Si  Haas  TVOPA  was  available,  the  Aerojet  material  was  purified  with 
a  silica  gel  treatment  which  had  been  shown  previously  to  remove  residual 
hydroxyl  functional  material.  As  shown  in  Table  XIX,  all  three  of  these 
variables  affected  the  propellant  mechanical  properties  but  not  the  cure 
rate.  To  provide  further  confirmation  of  the  importance  of  these  variables, 
Rohm  &  Haas  was  contacted  and  requested  to  duplicate  their  control  pro¬ 
pellant  using  the  same  prepolvmer  furnished  to  Hercules. 

TABLE  XIX 


RH-U-105  PROPELLANT  PROPERTIES  AND  CURE  RATE 


Mix  No. 

Variables 

Cure  Time 
(at  140°  F) 

Tensile 

(psi) 

Elongation 

158-44 

10H  Al,  non-coated  AP, 

68  hr 

18 

163 

Aerojec  TVOPA 

10  days 

28 

44 

158-92 

AI2O3-C  coated  Ap,  104  Al 

7  days 

44 

38 

Aerojet  TVOPA 

10  days 

39 

42 

158-91 

AI2O3-C  coated  AP,  54  Al 

5  days 

55 

63 

Aerojec  TVOPA 

9  days 

61 

45 

158-88 

AI2O3-C  coated  AP,  54  Al 

5  days 

36 

125 

purified  Aerojet  TVOPA 

9  days 

62 

32 

21  days 

66 

28 

Rohm  & 

Control 

60  hr 

68 

44 

Haas 
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(C)  The  results  (Table  XIX)  show  that  by  using  the  finer  Al  and 

AI2O3  coated  AP,  mechanical  properties  comparable  to  those  obtained  by 
Rohm  61  Haas  were  v-bcalned.  However,  the  cure  rates  were  substantially 
longer  for  the  Here  lies  propellants.  Removal  of  the  hydroxyl  functionality 
in  the  Aerojet  TVOPA  in  conjunction  with  the  fine  Al  and  coated  AP  decreased 
the  propellant  elongation  with  little  change  in  tensile  strength  and  did 
not  significantly  affect  the  cure  rate. 

(U)  Although  the  Rohm  61  Haas  mechanical  properties  were  duplicated 

for  the  EAAA  propellants,  the  slower  cure  rate  is  a  serious  problem  with 
AIH3  propellants. 


r 

k. 
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(C)  Initial  mixes  of  AIH3  propellants  with  the  EAAA  binder  are 

sunmarized  in  Table  XX.  As  shown,  several  mixes  have  been  processed  at 
the  30-percent  binder  level  with  a  5:  1  TVOPA: EAAA  ratio.  Mechanical  pro¬ 
perties  for  these  propellants  ranged  from  40  to  55  psi  tensile  strength 
and  15  to  25  percent  elongation  at  an  epoxy-to-carboxy 1  ratio  of  2  .0, 

All  mixes  were  cured  at  120°  F  for  1  to  2  weeks.  In  comparing  the  cure 
rates  of  A1  and  AIH3  propellants  in  Tables  XIX  and  XX,  and  from  small 
propellant  mixes,  there  is  a  strong  indication  that  AIH3  is  actually 
catalyzing  the  cure.  (Mechanical  properties  of  AIH3  propellants  stabilized 
at  120°  F  is  approximately  S  days  while  it  took  the  same  time  for  A1  pro¬ 
pellants  to  stabilize  at  140°  F) .  However,  the  AIH3  cure  rates  were  still 
too  slow  and  resulced  in  varying  degrees  of  propellant  porosity  with  all 
but  the  most  stable  AIH3  lots . 

a  .  Cure  Studies 

(U)  As  a  result  of  the  porosity  during  cure,  the  laboratory 

effort  was  directed  towards  developing  a  suitable  low  temperature  cure  for 
the  EAAA  binder.  Se\ jral  approaches  were  tried  with  the  goa L  of  a  100°  F 
cure  in  2  days: 

(1)  A  comparison  of  cure  rates  with  TVOPA  purity 

(2)  Evaluation  of  catalysis  systems 

(3)  Evaluation  of  other  epoxy  curatives 

(4)  Evaluation  of  a  higher  acid  content  prepolymer 
(93/7  EA:AA) 

1)  T%  PA  Purity 

(C)  As  mentioned  above,  purification  of  TVOPA  with  silica 

gel  did  not  increase  the  cure  rate,  so  the  Rohm  &  Haas  cure  rate  was  not 
matched.  Rohm  &  Haas  treats  their  TVOPA  with  Amberlyst- 15  which  is  a 
sulfonic  acid  type  ion  exchange  resin.  Since  sulfonic  acids  are  catalysts 
for  many  reactions,  the  possibility  existed  that  traces  of  the  acid  were 
released  into  the  TVOPA  during  treatment  which  then  catalyzed  the  epoxy¬ 
carboxyl  reaction.  Tc  check  this  theory,  some  Aerojet  TVOPA  was  tr'ated 
with  Amberlyst- 15  following  the  method  used  by  Rohm  &  Haas  and  identical 
propellants  were  made  with  untreated  and  treated  TVOPA.  No  difference 
could  be  detected  in  the  cure  rate.  Therefore,  the  Amberlyat  treatment 
is  not  responsible  for  the  difference  in  cure  rates. 
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(U)  Investigation  of  catalysis  with  the  EAAA  using 

chromium  octoate  (CrOct)  and  ferric  acetyl  ecetonate  (FeAA)  has  shown  both 
catalysts  react  with  EAAA  prepolyraer  to  give  stable  gel.  However,  catalyst 
levels  tnac  significantly  increase  cure  rates  have  resulted  in  unacceptable 
pot  life. 

(U)  Binder  studies  with  a  dual  catalyst  consisting  of 

chromium  octoate  and  tetraethyl  acnonium  bromide  (TEAB)  indicated  fast 
low  temperature  cures  vich  TVOPA/EAAA/Unox  221  were  achievable  .  (Refer 
to  Table  XXI.)  However,  the  addition  of  solids  slowed  the  cure  rate 
markedly  so  that  slower  cures  occurrtj  in  10-gm  propellant  mixes.  All 
solids  tested  appeared  to  slow  the  reaction  to  the  same  extent,  and  the 
effect  is  much  larger  than  would  be  expected  from  simple  dilution  of  the 
system.  Even  4  percent  Alon-C  slowed  the  rate  tc  the  same  extent  as  much 
larger  quantities  of  either  Ai  or  AP .  A  possible  explanation  for  this 
behavior  is  that  one  of  the  functional  groups  could  be  adsorbing  onto  the 
solids,  thus  making  them  Inaccessible  to  the  other  reactant.  For  example, 
the  acid  group  of  the  EAAA  could  absorb  on  the  solids  in  such  a  way  that 
the  epoxide  could  not  reach  it,  thus  preventing  reaction.  This  theory 
remains  to  be  tested. 


TABLE  XXI 

BINDER  STUDIES  WITH. DUAL  CATALYST 


Cat . 
CO 

Cone  .* 
TEAB 

Cure  Temp 

<°F) 

Cure  Time 
(days) 

Condit 
C  urns  t  oc  k 

ion  of: 

Prope 1 lant 

16 

4 

80 

13 

— 

Partially  cured 

16 

4 

100 

13 

— 

Almost  cured 

4 

1 

80 

12 

-- 

Uncured 

4 

1 

100 

12 

-- 

Partially  cured 

4 

1 

80 

5 

Cured 

Uncured 

4 

1 

100 

5 

Cured 

Uncured 

0 

0 

80 

5 

Partially  cured 

Uncured 

0 

0 

100 

5 

Almost  cured 

Uncured 

♦In  the  epoxy  (7.) 


UNCLASSIFIED 
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(U)  While  testing  the  effect  of  solids  on  the  epoxide- 

carboxyl  reaction,  it  was  discovered  that  AP  catalyzes  the  polymerization 
of  Unox  221  -  a  solid  polymer  being  achieved  in  one  day  at  120°  F.  This 
could  explain  why  the  optimum  stoichiometry  for  RH-U-105  propellant  i3 
an  E/C  ratio  of  2  rather  than  the  expected  ratio  of  1  or  less.  To  deter¬ 
mine  whether  AP  polymerized  all  epoxies,  a  different  type  of  dlepoxide, 

DER  332,  was  tested  with  A?.  No  noticeable  polymerization  was  found  with 
DER  332  at  120°  F. 

(U)  Since  DER  332  is  not  affected  by  AP,  it  wa3  chosen 

for  additional  study  as  curative  for  the  EAAA  binder.  Binder  studies 
indicated  that  it  did  not  cure  any  faster  than  Unox  221,  but  that  it  could 
be  catalyzed  by  either  chromium  octoate  or  the  dual  catalyst.  Solids  were 
found  to  affect  this  reaction  in  the  same  manner  as  the  Unox  221,  but  low 
temperature  cures  were  achieved  on  10-gm  propellant  mixes  when  high 
chromium  octcite  levels  were  used.  (Refer  to  Table  XXII.)  Overnight 
cures  at  120°  F  were  achieved  with  0.05  or  0.1  percent  chromium  octoate 
with  partial  cure  in  4  days  at  100  F.  Three -hundred-gm  mixes  were  then 
made  with  both  0.05  and  0.1  percent  chromium  octoate  and  cured  at  both 
100°  «nd  120°  F,  Cures  were  much  slower  than  in  the  10-gm  mixes  as  seen 
in  Table  XXII.  The  mix  with  0.1  percent  catalyst  finally  cured  In  10 
days  at  120°  F  but  extensive  porosity  had  developed  in  this  time.  Therefo 
chromium  octoate  by  itself  is  not  an  acceptable  catalyse  for  this  reaction 

TABLE  XXII 


CHROMIUM  OCTOATE  CATALYST  PROPELLANTS 


Mix  No. 

BC-138-19 

BC- 138-23 

BC-172-36 

BC- 172-37 

TVOPA/EAAA 

29.5 

29.0 

29.0 

29  .0 

DER  332 

0.5 

1 

1.0 

1  .0 

Cr  Oct 

0.05 

0.1 

0.05 

0.1 

aih3 

22 

22 

22 

22 

AP 

48 

48 

48 

48 

Mix  Size  (gm) 

10 

10 

300 

300 

Cure 

At  100°  F 

— 

Soft  cure, 

5  days 

Slight  cure 
in  8  days, 
porous 

No  cure  in 

7  days 

At  120°  F 

Soft  cure, 

1  day 

Cured  in 

1  day 

Soft  cure 
in  8  days, 
porous 

Cured  in  7 
days,  porous 
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(U)  A  number  of  additives  were  tested  In  the  chromium 

octoate  catalyzed  system  to  increase  the  cure  rate.  TEAB  was  added  to 
detect  the  dual  cacalyst  effect.  Calcium  tetraborate  (CTB),  an  efficient 
HF  scavenger,  was  added  to  teat  whether  Rf  was  interfering  and  ERL  0510 
was  added  to  determine  whether  a  tertiary  amine  would  catalyze  the  reaction. 
ERL  0510  was  chosen  since  it  is  compatible  with  TVOPA  (Fisher-Johns  hot 
plate  test  and  Tallani  at  60°  C)  and  it  is  also  a  triepoxide,  thus  providing 
additional  crosslinking  (which  may  or  may  not  be  helpful) .  These  mixes 
were  made  with  binder  plus  some  A P  since  the  addition  of  other  solids  in 
addition  to  AP  is  not  expected  to  alter  the  reaction  rate  and  AP  can  alter 
the  Stoichiometry  by  polymerizing  epoxy  whereas  Al  or  AlHj  do  not  Influence 
the  stoichiometry,  only  the  rate.  The  results  (Table  XXIII)  indlcote  chat 
CTB  increases  the  cure  rate  slightly,  adding  a  quaternary  arnnonluin  salt 
has  no  effect,  but  adding  ERL  0510  greatly  increases  the  rate. 

TABLE  XXIII 


EFFECT  OF  ADDITIVES  ON  CHROMIUM  0CT0ATE  CATALYZED  BINDERS 


Formulation,  Parts 

l 

2 

3 

4 

5 

6 

TV0PA/EAAA 

39 

39 

39 

39 

39 

39 

DER  332 

1.0 

1.0 

1.0 

1.0 

1.0 

1 .0 

Cr  Oct 

0.05 

0.1 

0.008 

0.008 

0.000 

0.000 

AP 

10 

10 

10 

10 

10 

1 

10 

Calcium  Tetraborate 

»  m 

m  m 

*  « 

1 

m  m 

u  W 

TEAS 

-- 

«•  • 

-- 

0.03 

ERL  0510 

-- 

-- 

*■ 

«r  w 

0,5 

Cure  at  120u  F 

1  day 

Slight 

Soft 

No 

No 

No 

Cured 

2  days 

Cured 

Cured 

No 

Slight 

No 

... 

6  days 

-- 

No 

Slight 

No 

-- 
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(u)  Additional  studies  of  this  effect  with  binder  plus  AP 

have  demonstrated  that  ERL  0510  reacts  with  the  acid  but  it  also  catalyzes 
the  reaction  of  DER  332  and  that  chromium  octoate  and  ERL  0510  are  both 
needed  to  get  rapid  low  temperature  cures  .  These  mixes  are  presented  in 
Table  XXIV,  As  lictle  as  0,05  parts  of  ERL  0510  per  30  parts  of  binder 
la  sufficient  to  achieve  complete  cure  overnight  at  120°  F  (mix  II1-1) 
with  0,05  parts  of  chromium  octoate,  but  without  chromium  octoate  rapid 
cure  is  not  achieved  even  with  0.5  parts  of  ERL  0510,  Thus,  the  two 
catalysts  are  synergistic  and  both  are  needed  to  achieve  rapid  low 
temperature  cures,  To  ensure  that  no  ocher  ingredients  interfere  with  the 
cure,  a  iO-gra  mix  was  made.  Thia  mix  cured  at  120  F  in  16  hr. 

TABLE  XXIV 


CURE  STUDY  WITH  ERL  0510 


Composition,  Patta 

1 

2 

3 

TH 

TVOPA/EAAA  (10/1) 

2  .95 

2.95 

2  .95 

2  .95 

DER  332 

0.05 

0  .05 

0.05 

-- 

Cr  Oct 

0.005 

0  .005 

0.005 

-- 

AP 

1 

l 

1 

1 

ERL  0510 

0.005 

0.01 

0.05 

0.05 

Po>.  Life 

1  hr 

1  hr 

<30 

OK 

16  hr 

Cured 

Cured 

Cured 

No* 

♦Cured  in  5  days 

UNCLASSIFIED 

A  30C*gm  mix  was  then  nude  ti  mine  whether  scalcup 

will  interfere  with  cure.  Using  the  same  binder  .  2  in  Table  XXIV  and 

filling  with  solids  to  a  70  weight  percent  solids  loading,  a  short  poc 
life  was  obtained  resulting  in  a  mix  which  only  partially  cast  into  the 
mold.  (Refer  to  Toble  XXV.)  A  second  mix,  with  the  chromium  octoate 
level  reduced  by  one  half,  mixed  and  cast  well.  Both  of  these  mixer  cured 
in  16  hr  at  100°  F.  These  result*  Indicated  that  the  use  of  ERL  0510  in 
combination  with  chromium  octoate  and  DER  332  would  give  a  low  temperature 
cure  of  the  TV0PA/EAAA  system. 
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TABLE  XXV 

300-GK  MIXES  WITH  £RL  0510 


Formulat ion 

— 

BC-172-38 

BC- 172- 39 

TVOPA/EAAA  (10/1) 

29.5 

29.5 

DER  332 

0.5 

0  .5 

ERL  0510 

0.1* 

0.1* 

Cr  Oct 

0.05* 

0.025* 

AIH3 

22 

22 

AP 

48 

48 

Pot  Life  (min) 

20** 

>30 

Cure  Time  at  100°  F  . 

16  hr 

Complete 

Soft  Rubber 

40  hr 

Complete 

♦Additive 

♦♦Partially  setup  during  casting 
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3)  Higher  Acid  Content  Prepolyroers 

(U)  Rohm  &  Haas  has  reported  higher  cure  races  with  pre- 

polymers  containing  higher  acrylic  acid  levels;  therefore,  the  95/5  EAAA 
prepolymer  used  in  the  above  studies  was  compared  with  a  93/7  EAAA  pre- 
polymer  also  obtained  from  Rohm  &  Haas.  There  was  no  noticeable  difference 
in  the  cure  rate  of  the  two  prepolymers  in  the  catalyzed  system. 

b .  Mechanical  Property  Studies  with  EAAA 

(C)  The  effect  of  a  number  of  variables  on  the  mechanical  pro¬ 

perties  of  EAAA/TVOPA/AIH3/AP  propellants  was  examined.  These  variables 
include  carboxy 1/epoxy  ratio,  cri/di  epoxy  ratio,  AP  particle  size  dis¬ 
tribution,  TVOPA/EAAA  ratio,  EAAA  ratio  in  prepolymer,  and  the  binder  level 
Comparison  was  made  using  JANNAF  Type  II  dogbonea  from  300-gm  mixes  made 
in  a  Baker-Perklna  mixer. 
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(C)  A  wide  variation  in  E/C  ratio  at  two  different  tri/di  epoxy 

ratioa  resulted  in  remarkably  little  change  in  rather  poor  mechanical  pro¬ 
perties.  (Pefer  to  Table  XXVI  and  Figure  7.)  At  an  E/C  ratio  near  1, 
the  modulus  Increased  but  without  a  corresponding  change  in  tensile  strength 

(C)  Changing  the  TVO^A/EAAA  ratio  did  not  markedly  improve  the 

properties  as  presented  in  Table  XXVII.  With  the  5/1  ratio,  the  binder 
level  was  raised  to  35  percent  (to  reduce  the  viscosity)  and  even  this 
change  failed  to  significantly  improve  the  mechanical  properties  . 

(C)  Changing  the  AP  particle  size  distribution  has  a  significant 

effect  on  the  mechanical  properties  with  a  l/l  ratio  of  50  and  5k  AP  giving 
the  besr  results  (Table  XXVIII) ,  but  the  best  properties  are  far  from 
acceptable  . 

(C)  According  to  Rohm  (x  Haas,  the  composition  of  the  prepolytner 

significantly  affects  the  mechanical  properties  of  EAAA/TVOPA  propellants, 
but  with  this  AIH3  propellant,  little  benefit  was  noted  in  changing  from 
a  95/5  EAAA  ratio  to  93/7.  (Refer  to  Table  XXIX.) 

(U)  Increasing  the  binder  level  to  35  percent  also  gave  little 

improvement  in  mechanical  properties  with  normal  cure  times.  (Refer  to 
Table  XXX.)  However,  after  extended  cure  *t  100°  F  a  composition  contain¬ 
ing  a  large  excess  of  UNOX  221  cured  to  give  good  mechanical  properties. 

A  similar  composition  containing  an  excess  of  DER  332  did  not  post  cure 
and ,  tnerefore ,  had  much  inferior  properties .  Since  the  ability  of  UNOX  221 
to  homopolymerize  under  these  conditions  has  been  established,  it  is 
believed  that  the  improved  properties  are  due  to  homopolymerization  of  the 
epoxide.  Therefore,  contrary  to  expectations ,  the  clean  reaction  of  epoxide 
is  desirable. 

(U)  Using  the  above  findings,  the  binder  level  was  then  lowered 

back  to  30  percent  and  formulation  was  made  using  a  large  excess  of  UNOX 
221  with  the  93/7  EAAA  prepolymer.  After  23  days  cure,  this  propellant 
also  gave  high  modulus  and  tensile  strength.  (Refer  to  Table  XXXI.) 

(C)  The  above  results  would  indicate  that  the  search  for  improve¬ 

ment  in  EAAA  properties  should  concentrate  on  the  use  of  epoxides  that 
homopolymerize  readily.  Catalysts  which  promote  this  homopolymerization 
will  be  required  to  achieve  low  temperature  cure  in  reasonable  times. 

4.  EA-HEA 

(C)  An  alternate  method  of  achieving  a  low  cure  temperature  for 

the  TVOPA  plasticized  acylate  binders  is  the  use  of  an  EA-HEA  copolymer  and 
a  urethane  cure.  Dow  Chemical  supplied  copolymc  -s  for  this  effort.  (Table 
XXXII  sunsnarizca  these  copolymers  evaluated.)  These  prepolyraers  were  cured 
with  3-nitraza  1,5-pentane  dilsocyanate  (XIII  diisocyanate),  HDI ,  EMDI , 
and  Mondur  TM  at  NCO:  OH  ratios  of  1.0,  1.5,  2.0,  and  2.5.  The  NC0: OH  ratio 
is  based  on  the  combined  equivalent  weight  of  the  TVOPA  and  EA-HEA.  Because 
of  the  relatively  large  quentities  of  TVOPA  used  (87.5  percent  in  the  7:1 
TVOPA: EA-HEA  prebinder)  its  isocyanate  demand  becomes  quite  significant. 
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FFECT  OF  E/C  RATIO  ON  MECHANICAL  PROPERTIES  OF  EAAA  PROPELLANTS 
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Figure  7.  Effect  of  Stoichiometry  on  Mechanical  Properties 
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TABLE  mil 


EFFECT  OF  TVOPA./EAAA  RATIO  ON  MECHANICAL  PROPERTIES 


Mix  Number 

41 

50 

75 

TVO  PA  /  EAAA  R  .1 1  i  0 

a/i 

7/1 

5  / 1  •' 

Mechanical  Properties 

Tensile,  psi 

23 

26 

34 

Elongation  (max), 
percent 

42 

38 

38 

Modu lus 

70 

90 

100 

V<r 

Thirty-five  percent  binder 

UNCLASSIFIED 

TABLE  XXVIII 

FFECT  OF  AP  PARTICLE  SIZE  ON  MECHANICAL  PROPERTIES 
FOR  EAAA  PROPELLANTS 


BC  172-50 

BC  172-51 

BC  172-58 

BC  172-64 

AP  Size 

4004,  7. 

-- 

-- 

-- 

50 

2004,  7. 

50 

-- 

50 

-- 

504.  7. 

-- 

50 

-- 

-- 

154,  7. 

50 

-- 

50 

25 

54.  7. 

-- 

50 

-- 

25 

Mechanical  Properties 

Tensile,  psi 

26 

36 

30 

29 

Elongation  (max),  7. 

38 

36 

21 

31 

Modulus 

90 

120 

160 

120 

l 
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TAuLE  XXIX 


EFFECT  OF  PREPOLYMER  COMPOSITION  ON  MECHANICAL  PRO PERU E 


EA/AA  Ratio 

95/5 

93/7 

E/C 

1.5 

1.0 

Dl/Trl 

4/1 

4/1 

Mechanical  Properties 

Tensile  (psl) 

26 

34 

Elongation  (X) 

26 

33 

Modulus  (psl) 

120 

120 

UNCLASSIFIED 

TABLE  XXX 


MECHANICAL  PROPERTIES  OF  HIGHER  BINDER  LEVEL  PROPELLANTS 


Mix  No  . 

75 

76 

TVOPA/EAAA 

5/1 

7/1 

Binder  Level  (7.) 

35 

35 

EA/AA  ratio 

95/5 

95/5 

DER  332 

0.9 

-- 

UNOX  221 

-- 

1.0 

ERL  0510 

0.1 

O.l 

Cure  time  (days) 

19 

19,  26 

Mechanical  Pro^-er*'..* 

Tensile  (psl) 

34 

76 

Elongation  (7.) 

38 

24 

Modulus  (psl) 

100 

320 

UNCLASSIFIED 
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TABLE  XXXI 


T VO PA /E AAA 

r' 

,w 

r 

m  ! 

Binder  Level 

i 

30.;  i 

EAAA  Re tl o 

i 

93// 

imx  221  Level 

0  9/ 

ERL  0510  Level 

0.1,  ! 

E/C  Ratio 

2.9 

Cure  T ime 

0 

10 

Mechanical  Properties 

Tensile  (psi) 

39 

57  | 

Elongation  (7.) 

21 

13 

i 

Modulus  (psi) 

_ 1 

215 

1 

470  i 

i 

23 

77 
12 
7  DC 

CONI'I  DENTIA L 


TABLE  :XX1I 

PROPERTIES  OF  ETHYL  ACRYLATE -IlYDE.OXY'.riTiYL  ACRYLATE  COPOLYMERS 


EA< HE A 

No.  Au  ! 

MOLcCL'LXK  W  i .  !.l  (  r) 

Eq,;i  v  J  1 1  r.t 

Wv  i  li  l  (  '  ■) 

90/10 

9  7 , 000 

1280 

90/10 

22,00'.' 

2000 

90/10 

7,800 

1790 

90/10 

15.0',  » 

1120 

95/5 

8,200 

1030 

85/15 

13,000 

7  20 

UNCLASSIFIED 
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(C)  It  was  found  from  initial  gumstock  work  that  cures  wore  obtained 

at  80  F  after  5  daya  with  EA-HEA  copolymers  of  tnolecular/equivalent  weight 
of  97,000/1280,  22,000/2000,  and  13,000/770  (the  molecu iar/equiva lent 
weight  for  the  EAAA  copolymer  i3  approximately  25,000  to  30,000/1409). 

No  significant  change  in  the  properties  of  these  gumstocks  was  observed 
when  further  cured  at  100°  F  for  2  weeks.  Generally,  the  properties  of 
the  resulting  cured  gumstocks  were  of  poor  quality  having  low  tear 
strengths  (soft,  gel-like  and  brittle).  These  poor  properties  are  possibly 
a  result  of  a  nonoptimum  cro98llnked  density,  excess  isocyanate,  TVOPA 
chemical  interaction  or  concentration,  or  combined  effects  of  these  factors. 

(C)  The  DMDI  seemed  to  yield  more  promising  properties,  but  was 

somewhat  immiscible  in  the  TVOPA:EA-HEA  prebinder.  However,  because  of 
these  more  promising  properties,  this  grid  was  repeated  at  NCO.OH  ratios 
of  1.0,  1.5,  and  2.0  (based  on  the  total  TVOPA:EA-HEA  prebinder).  The 
prebinder  (5:1  TVOPA: EA-HEA)  and  DMDI  were  heated  to  190°  F  (MP  of  DMDI  ~-90° 
to  100  F);  however,  a  small  portion  of  the  DMDI  remained  insoluble.  These 

gumstocks  were  well  cured  in  4  days  at  100  F.  However,  the  properties 
were  poor.  The  samples  were  quite  firm  but  very  brittle  and  broke  apart  easily. 

As  concluded  earlier,  these  poor  properties  may  be  the  result  of  the  TVOPA 
chemical  interaction  or  concentration  and/or  too  high  an  isocyanate  concentration. 

(C)  Control  TV0PA/EA-HEA/AP/A1  propellants  were  prepared  with  these 

prepolyme rs .  As  expected  from  gumstock  results,  marginal  mechanical 
properties  were  obtained.  However,  these  results  were  viewed  as  being 
quite  premising,  since  this  was  the  first  attempt  with  this  new  polymeric 
system.  The  resulting  properties  are  summarized  in  Table  XXXIII  . 

(li)  Based  on  the3e  results,  additional  studies  with  the  29,000  and 

40,000  molecular  weight  EA-KEA  copolymers  were  completed.  Each  copolymer 
was  crosslinked  with  various  stoichiometric  levels  of  4,4-methylene  bis 
(cyclohexyl  diisocyanate)  (Nacconate  H-12),  HD1 ,  XIII  diisocyonate,  and 
2/1  mol  ratios  of  HDI  and  methane  triisocyanate  (TMT1) .  The  same  propellant 
composition  and  ingredients  were  used  for  each  propellant.  All  wore  cured 
at  100°  F  until  stable  mechanical  properties  were  obtained.  Suitable 
catalyst  (DBTDA)  levels  (0.000  to  0.00Z  percent)  were  used  and  essentially 
stable  mechanical  properties  were  obtained  after  7-days  cure.  These 
results  are  summarized  in  Table  XXXIV,  In  general,  increased  stoichiometry 
increased  tensile  strengths  only  slightly  with  an  appreciable  loss  in 
percent  elongation.  The  40,000  cow  copolymer  gave  slightly  lower  tensile 
strengths  and  appreciably  higher  percent  elongations  than  the  29,000  mw 
copolymer.  As  a  consequence,  by  increasing  the  crosslink  density  of  the 
40,000  mw  copolymer  with  the  addition  of  a  TMTI  in  a  more  ratio  of  2/1 
(di/tri),  tensile  was  improved.  The  mechanical  properties  of  48  psi  tensile 
strength  and  35  percent  elongation  obtained  with  the  dissocyanate/tri isocyanate 
blend  and  the  higher  molecular  weight  copolymer  represent  the  best  com- 
promi< e  of  stress  and  strain  capabilities  obtained  with  the  EA-HEA  system. 

However,  these  properties  must  be  compared  with  61  psi  tensile  strength 
Slid  45  percent  elongation  obtained  from  the  aluminized  EAAA  systems  with 
thi  same  basic  propellant.  It  is  felt  that  through  continued  binder 
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TABLE  XXXI II 

MECHANICAL  PROPERTIES  OF  CONTROL  PROPELLANT  USING  EA-HEA  COPOLYMERS  1 

(Cure  Temp  -  100°  F) 


EA-HEA 

NCO/OH1 

H 

I^rvA  lit 

Hodu lus 

Lot 

TVOPA/EA-Ht* 

Cur«t  lv« 

ClUlyit 

(p*d 

mmm 

(p«o 

97,000 

5.4 

Xlll-Olt.ocjf.fuc*3 

4.0 

0.000 

4 

22 

23 

89 

7 

33 

17 

199 

14 

50 

l? 

306 

79 

15 

540 

83 

13 

535 

97  ,003 

4.9 

XIII-DiUocytnACA 

4.0 

0.000 

22 

21 

110 

26 

20 

134 

37 

18 

216 

W 

71 

16 

466 

97,000 

4.4 

XIlI-OU*ocy»n»t« 

2.4 

0.000 

38 

14 

284 

10 

39 

14 

293 

13,000 

3.0 

4 

OKDl 

1.5 

0.000 

2 

43 

12 

360 

7 

50 

10 

406 

14 

61 

10 

626 

29,000 

3.0 

NAcconAtA  H-12^ 

1.5 

0.000 

!4 

22 

39 

61 

22 

26 

35 

77 

28 

26 

32 

85 

29,000 

3.0 

NACComtA  H-12 

1.0 

0.002 

3 

30 

32 

116 

9 

34 

25 

123 

14 

36 

28 

132 

29,000 

3.0 

Haccotvaca  H-12 

0.73 

0.002 

1 

32 

41 

83 

5 

34,  38 

37,  36 

84,  112 

14 

35 

37 

96 

29,000 

5.0 

Hacconac*  H-12 

0.50 

0.002 

2 

26 

65 

47 

7 

29 

53 

59 

14 

23 

46 

59 

29,000 

3.0 

KOI* 

1.00 

0.002 

6 

32 

42 

77 

14 

31 

41 

81 

29,000 

5  0 

HOI 

0.75 

0.002 

•9 

S 

23 

89 

28 

7 

27 

69 

34 

17 

25 

66 

33 

29,000 

3.0 

HD  I 

0.30 

0.002 

4 

20 

130 

19 

7 

18 

110 

19 

18 

21 

118 

20 

Hoct*.  oo  •qulvtlaat  of  copolyvar 

4-»»thy  1..-X  |l.(cyclohuyl  dll.ocy.cuic.) 

DlbutyiClD  dUcAtAtA 

Uaji AMthy  Lara  d  LlAOcyAOA  t a 

3-nltr«M  l,}-p»nt*n*  dlUocytmu 

ToIuAOA  d tlAOCyAOAtA 

4 

DLph.rryl  MtUiu  d  1  l»ocy«n4t» 

TrlphAoyl  vaCHaha  t  r  1  ltocytrtA  t  a 
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TABLE  XXXIV 

MECHANICAL  PROPERTIES  OF  EA-HEA  PROPELLANTS 


NJCcumte  H-12 


NCO/OH 

u.so 
0.  72 
1.00 

HD12 


0.  50 
0.  75 
i.00 

X  1 1 1-0ll8OCy«n*te 


0.  75 

TDI* 


J*-32 

J  J-  J/ 

26  j 

1 

2H 

| 

2  l 

| 

l  IN 

t 

25 

66 

JO 

40 

31 

34 

3h 

3? 

36 

J  'J 

Rscconace  H-12 


0.  75 

HDI 


o,  5o 
0.  75 

TD1 


0.  75 

EAAA/ERL-422  1 


4 ,4-m*thy Lsfts  bit  (eye  loh*  ay  1  d  i  iaocytnat*  ) 
H  thy  len«  dliaocyanata 

J-nltru*  l,5-p«ntAna  d  1  Lnocyanttt 

Toluene  d llaocyanate 
Trlph#nyl  machine  t  r  l  La oc y ar\*c • 


28 

2* 

20 

20  J 

22 

48 

30 

65 

68 

32 

61 

45 

_ 

Constirui  tor  «.*ih  pr-op»*  l  I  ant  : 

A,  Cjnpoi  it  ian  7VOPA  \ 

i>-h i*y' 1 

D  1  l  sue  y 4 n « C  i* 

AP  5L-U  11  A 1  -c 
AL  5W 


5<» 
Vj2- 
1  U 


32.5 

fc.5 

A*  1  r.d  u  jti  J  (4.! 

-6.-J 


B.  Cyra  cycle  iuO  f  until  stabl*  h  an  vet  1  propc r t  » »- »  wcfi 

obi  a  ir>«d . 
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(U)  optimization  the  EA-HEA  properties  '■ould  be  further  improved.  However, 
promising  results  wich  the  R-18  prepolymer  (Refer  to  Paragraph  5)  negates 
much  of  the  advantage  of  the  EA-HEA  binder;  therefore,  additional  work  on 
this  system  did  not  appear  warranted. 

5 .  R- 18  Prep , lymer 

(U)  Multron  R-18  is  a  hydroxyl  terminated  copolymer  of  diethylene 

glycol  and  adipic  acid.  This  structure  gives  R-18  two  advantages  and  one 
potential  disadvantage  compared  to  EAAA .  The  advantages  are  (a)  the 
hydroxyl  functionality  allows  low  temperature  cure  with  isocyanates,  and 
(b)  F.-18  has  a  much  lower  bulk  viscosity  than  EAAA  giving  lower  propellant 
mix  viscosicy.  The  potential  disadvantage  of  R-18  is  its  history  of  poor 
hydrolytic  stability. 

a  .  Cura  Studies 

(C)  The  R-18/isocyanate  cure  reaction  occurs  very  readily  ac 

low  temperature  with  the  use  c£  small  amounts  of  catalyst,  the  limiting 
factor  being  the  pot  life.  Using  0.005  percent  DBTDA,  2-days  cure  at 
100'  F  is  obtained  with  a  pot  life  at  100°  F  in  excess  of  4  hr  .  This  system 
cures  ac  80°  Iff  n  3  to  4  days.  Increasing  the  catalyst  level  to  0.01 
percent  reduced  die  pot  life  to  an  unacceptable  level.  DBTDL  placed  on 
molecular  sieves  so  that  the  catalyst  is  not  immediately  available  for 
cure  has  produced  good  cure  with  adequate  pot  life .  This  approach  aids 
catalyst  dispersion  also. 

(C)  As  with  P-BEP  propellants,  Hercules  found  that  the  impurities 

in  TV0PA  interfere  with  the  cure  of  the  R-1&  system,  mainly  by  reacting 
with  the  isocyanate.  Even  when  accounting  for  the  isocyanate  demand  of 
TVOPA,  a  considerable  excess  of  isocyanate  is  required  in  order  to  obtain 
a  cure  with  the  R-18  system  as  seen  in  Table  XXXV.  (Hexane  trioi  was  used 
to  crosslink  the  system.)  No  complete  cures  occurred  ac  an  NCO:  OH  ratio 
of  1.15  or  below,  but  most  systems  cured  when  the  NCO: OH  ratio  was  1.3 
or  greater.  The  data  also  indicate  that  the  triol-to-diol  ratio  is 
important  in  obtaining  cure.  Two  low  a  triol-to-diol  ratio  will  prevent 
cure  even  at  an  NCO: OH  ratio  of  1.30. 

b  .  Propellant  Mechanical  Properties 

(C)  A  number  of  AIH3/AP  compositions  containing  a  6.5/1  TVOPA/ 

R-18  ratio  and  30  percent  binder  were  tested  with  good  results.  At  this 
low  binder  level,  the  particle  size  distribution  of  the  solids  is  very 
important  in  the  R-18  system.  Even  chough  the  mix  viscosity  of  R-18 
compositions  is  fairly  low,  casting  difficulties  were  encountered  due  to 
Che  thixotropic  nature  of  the  mix.  Results  of  10-gro  mixes  with  a  number 
of  AP  size  distributions  (Table  XXXVI)  indicace  that  a  mixture  of  very 
large  and  very  small  AP  casts  best  with  AIH3  propellants.  A  viscosity 
index  of  greater  chan  8  is  not  considered  to  be  castable  by  ordinary 
reeth  is  . 
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TABLE  XXXV 

CURE  STUDY  WITH  R-18  BINDER* 


NCO/OII** 

Tr io 1 ! Dio  1  Ratio 

Cure  ,'f  ti  r  5  Days  ;  100°  F 

1.00 

L .  7 

Uncured 

1.00 

1.4 

Uncured 

1.00 

1.1 

Uncured 

1.00 

o.a 

One  ur  cd 

1.15 

1.7 

Partial  Cure 

1.15 

1.4 

Partial  Cure 

1.15 

1.1 

Partial  Cure 

1.15 

0.8 

Unc  ur cd 

1.30 

1.7 

Soft  Cure 

1.30 

1.4 

Soft  Cure 

1.30 

1.1 

Soft  Cure 

1,30 

0.8 

Uncured 

1.45 

1.7 

Cured 

1.45 

1.4 

Cured 

1  /.  C 

*  •  -*  «*> 

t  ' 

t  .  *t 

Cured 

1.45 

0.8 

Cured 

10  gram  propellant  mixes  using  TDI  curative  and  hexane  trial 
catalyzed  with  DBTDA 

»V  *’.* 

NCO/OII  ratio  is  calculated  based  on  an  isocyanate  demand  value  o L 
17,000  for  TVOPA 
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TABLE  XXX VI 

EFFECT  OF  AP  SI2E  DISTRIBUTION  ON  THE 
CASTABILITY  OF  R-I8  PROPELLANT 


Mix  No  . 

I 

2 

3 

4 

5 

6 

7 

Binder 

30 

30 

30 

30 

30 

30 

30 

600  r 

20 

24 

34 

14 

24 

24 

-- 

200  r 

14 

-- 

-- 

-- 

-- 

| 

15  R 

14 

-- 

12 

24 

24  (50) 

5  R 

__ 

24 

14 

34 

12 

24 

aih3 

22 

22 

22 

22 

22 

22 

22 

Viscosity  Index 

8.2 

8  .6 

8  .4 

8.8 

8  .0 

8.3 

8  .5 

UNCI 

-ASSIFTED  j 

(C)  Formula ti on  5,  when  made  in  a  300-gm  mix,  cast  easily  with 

vibration.  Replacing  the  600 r  AP  with  400h  AP  did  not  reduce  the  cast- 
ability,  and  replacing  the  5r  AP  with  or  HMX  or  with  15t-  A?  also  resulted 
in  castable  mixes  . 


(C)  The  effect  of  particle  size  of  AP  on  the  mechanical  pro¬ 

perties  of  the  R-18  TVOFA/AIH3/AP  propellant  is  presented  in  Table  XXXVII. 
Use  of  AP  sizes  which  pack  poorly  (mix  No.  40)  gives  high  modulus  and  low 
elongation.  Use  of  a  50:50  course-to-f ine  blend  gave  lower  modulus  and 
higher  elongation.  Small  changes  in  size  and  replacement  of  fine  AP  with 
fine  HMX  did  not  markedly  change  the  properties. 

(C)  As  mentioned  above  in  the  cure  studies,  a  considerable 

excess  of  isocyanate  is  needed  to  achieve  good  cures  with  the  R-18.  The 
effect  of  isocyanate/OH  ratio  on  cvechanical  properties  of  R-18  propellants 
is  presented  in  Table  XXXVIII  at  several  ratios  of  triol  to  diol.  The 
best  properties  were  achieved  with  an  isocyanate/OH  ratio  of  1.3  and  a 
triol /Jiol  ratio  of  1.7. 


(U)  The  above  stoichiometry  studies  were  made  with  "as  received" 

TVOPA  lots.  As  received  TVOPA  contains  a  number  of  impurities,  at  least 
one  of  which  contains  an  Isocyanate  reactive  functional  group  (probably 


OH)  .  Therefe.e,  all  TVOPA  lots  have  an 
which  interferes  directly  with  the  cure 
must  be  added  to  the  mix  to  account  for 
When  calculating  the  cure  stoichiometry 
TVOPA  Isocyanate  demand  waa  Included  as 
formulae  ion . 


appreciable  isocyanate  demand 

To  obtain  cure,  excess  isocyanate 
the  isocyanate  demand  of  TVOPA. 
(iso/'OH)  in  the  above  mixes  the 
part  of  the  OH  level  of  the 
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TABLE  XXXVIII 

EFFECT  0  STOICHIOMETRY  ON  THE  MECHANICAL  PROPERTIES 
OF  K  -  13  PROPELLANTS 


Mix  Number 

I1C  138-83 

I.C  133-86 

i.C  138-65 

lie  13" -35 

NCO :  OH  Ratio 

1.15 

1.30 

1.45 

1.45 

l  .  1, 

DioliTrlol  Ratio 

1.7 

1.7 

1.7 

0.8 

2.0 

Mechanical  Properties 

Tensile  (pst) 

50 

67 

67 

33 

58 

Elongation  (7.) 

23 

24 

21 

32 

23 

Modu 1  us 

220 

370 

340 

150 

2  70 

UNCLNSS  l  F  i  i:o 

(U)  Thi  i  approach  worked  well  lor  most  lots  of  TVOPA  giving 

fairly  good  mechanical  properciea  as  seen  above.  However,  with  some  lots 
of  TVOFA ,good  cures  wore  not  achieved. 

(U)  This  effect  was  first  encountc  ed  jn  ■>  70-lb  mix  in  which 

a  blend  of  a  number  of  lot#  of  TVOFA  was  used.  Even  though  ttve  isocyanate 
demand  waa  measured  and  accounted  for,  the  cure  was  very  slow  and  the 
mechunicaL  propertica  infqrior.  Extensive  studies  with  a  blend  of  TVOPA 
lots,  similar  to  those  used  in  tl«  abovu  70-lb  rot-.,  reveal?  1  that  no  ratio 
of  iao/OH  or  trlol/dlol  would  give  good  cure  (Tjble  XXXIX),  <■  u  TVOPA 
(Lot  2B0019)  used  in  earlier  studios  gave  fairly  good  prop*?.  '  *  .  A 
pojSible  explanation  for  this  behavior  is  that  the  nature  of  c-.e  Isocyanate 
reactive  impurity  varies  from  lot  to  lor.  Perhaps  the  impurity  is  mainly 
dllunctlunal  In  Some  lots,  thus  providing  chain  extension  of  the  K-18  binder, 
whereas  in  other  lots  the  impurity  is  mouof m’c t lotto  1 ,  thus  chain  terminating 
the  binder  preventing  cross  link ing . 

(U)  based  on  this  theory,  Jn  extensive  Investigation  was  under¬ 

taken  tu  purify  the  TVOPA  to  removu  tha  reactive  species.  A  description 
ot  the  procedure  developed  in  Included  in  Ajpendlx  U.  Use  of  purified 
IVul'A  greatly  improved  the  mechanical  properties.  (Refer  to  Table  X XX / X  , ) 

0  ,  hinder  Aging  Compart  non 

(C)  H - 1 8  binder  appears  to  have  several  «Uvoiir  ,ige»  over  EAAA  ,  Thu 

major  question  mark  (or  H - 18  Is  tlm  agl  '  ch .tract e r 1  si lc s  .  Thu  thermal 
aging  ol  h'AAA  (tinder  lias  been  ilemoiisirat  u  by  liuhn  U  Haas  to  be  excellent, 
wlieie  is  c  on  s  1  do  re  '•  data  Is  Tollable  lor  P  - 1 8  In  olhei  systems  to  indicate 
that  a  potenM..  if  g  problem  oxlnts,  Thu  K-1S  polyner  is  subject  to 
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•A'  !'■,<  riil  .■ si  s  i-t  hcth  th“  ■M'r  .mi  :  he  ui  ;  m  1  ,  V.  .  i  t  h.- r  .  f 

cht.h  would  ciuio  c  lo.n-.ici-  o  t  the  poly  «  r  in.i-.n.  1 1.  ■  ,  <  -  ■  .  | «:  ;  n-.iti-  serif 
proMer-s  in  tactical  weapons  which  .ire  Milt  )•-<-?  to  ■  sir.— u  l  i-r-r.  i  .if  u  re  .in! 
:v  i**- 1  ■  1 1 1  \  eond  i  t  ions  .  1  n  .1  ■.  l  rat  o  ••  1  r  app  1 1 1  11  i  on  So  \  -  1 .  •  t  .  r  •  •  r  . t  u  t .-  .in.! 

hunuditv  t  .in  lx-  control  led  ,  the  problem  will  K.  li  <s  *  1  u-  .  h*v  t  <  .  .1 

J.il  .1  to  support  this  concept  is  itiv-.-n  in  hah  ic  XL.  b’-  :  under  dr. 

1  oml  i  t  ion  3  at  1  00°  F  d,>  •  no  l  dr  p  r  ado  the  i>fh  init-il  |  ro]v[  l  1 1  «  in  IK) 
i'.tv  .  However,  o-.pnsnro  to  relatively  l,w  hnr'ldltv  1<-.  |s  (  V,  percent) 
CJu-'-i  rapid  dettrad  it  1  ol  th->  d  -  1  8  hinder  and  Kn  '  1:  t-rtiee  -.  (  verv  lew 
humidity  caused  complete  breakup  ot  do?, bones  in  iC  .lavs. 

7  .  HI nde r  Scj.-t  t  ji-n 

(l)  A  comparison  of  th-  FAAA  and  R*1H  hindr-t  is  ri-rn  1  ■<  Tihle  ..1,1 

A  fc  a  re  «u  1 1  n  l  tins  c  im-pa  ii-en,  the  R  -  1  8  bin.l,  r  wm  c  ho  sen  t  <  -  r  «•  :  1  .-up  . 
The  EAAA  hinder  lr>n'w.  pren-l  ine  hut  still  n"|u|rci  a  hr-tt-  1  1  w  ti  —p.  r  1 1  1 

cure  choreas  the  18  r.ive*  rood  meihanii.il  proper'!-1  w.i).  >  1  -c  t.  1-1.1 

Hire  cure.  The  K  -  1  M  hinder  still  has  a  •  I  -er,  Uir  nurk  e  ||.  .  fun, 

its  a  i>  1  n  c  ability,  but  .uni;,  studios  proved  :  1  it  it  t  ic  ’I  >  m-  *,  , ,, 

■  xunplete  this  program.  Thor-  lore,  In  an  air.  it  to  le-pletr  t  hi  ileup 
pnrti'n  within  the  tl"*-  and  fund-  the  1,  m  r.ut  ,  ellotr  to  1  pd  ,  , 

syg-e-n  for  KAAA  was  a  Sin. toned  on  this  ptopiam  "id  r  I- .  •  u  - 1  8  hind,  r  was 
Selected  OS  the  bat  k-up  b|n  ’,  r  lor  1  *111.1’, 
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TABLE  Xll 

COMPARATIVE  BINDER  <  UITi.RlA 


lamp. ir. ill  VC' 
l  nlcri.i 


1'a  l>rcr 
Av.tl  labt  llty 


Solids 

Loading 

Potential 


Mechanical 
Propercii j 


Structural 

Stability 


Shall  Lila 
Potential 


Stability  in 
Sc  avenged 
Propellants 


K  -  Id 


K  i*  j «  l  i  lv  .iv.il  l.il>  l  e . 


Allows  higher  aolida  loading. 
Limit  net  presently  defined. 


Yields  better  mcclunU.il 
properties  . 


line  history  oi  atructur.il 
Irst.ibl  1 1 1 V  .  However,  ibis 
instabilitv  hoc  been  shown  to 
be  rct...*<ieil  through  th  use 
of  at.ihl  l  Iters  under  1  1 1  ‘tel 
aging  r. Hell.  -. . 

Nut  .nil  (|'i<ltc  ly  ill  lined,  net-!. 
Nt.lhl  |  l*  it  Inn  and  will  be 
■  l<  pendent  on  temper, itnri  and 
humid l t V . 


Hydrogenation  could  brink 
polymer  chalnt. 


i'AAA 
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SECTION  IV 
SCALEUP 

(C)  Two  binder  systems  were  scaled  up  on  this  program.  The  P-BEP/TVOPA 
propellant  was  scaled  up  to  5PC  motors,  but  was  abandoned  when  a  serious 
shelf  life  problem  with  the  P-BEP/TVOPA /AlHi  propellants  were  encountered. 
AIH3  propellants  with  an  R-18/TV0PA  binder  were  then  scaled  up  to  15-  and 
<♦0-  lb  motors  . 

A.  P-BEP  PROPELLANT  SCALEUP 

1 .  Performance  Optimization 

(C)  Theoretical  performance  calculations  were  made  using  the  thermo- 

chemlcel  cato  shown  In  Table  XLII  for  the  P- BEP/AP/A UI3  system.  Specific 
Impulse  and  density  as  a  function  of  P-BEP  binder  level  and  AIH3  loadings 
Is  shown  In  Figure  8.  Theoretical  specific  Impulse  peaks  at  low  binder 
and  high  AIH3  laodlngs,  thus,  processlbllity  determines  the  upper  limit  to 
formulating  from  a  theoretical  standpoint. 

TABLE  XLII 


THERMOCHEMICAL  DATA  USED  IN  PERFORMANCE  CALCULATIONS 


Ingredient 

AHf  K-ca  l /mole 

Formula 

p(gu>/cc) 

P-BEP  binder 

-42.3 

C2.l6H3.090p.75N1.17F2.24 

1.570 

AIH3 

-  2.17 

AIH3 

1.474 

TVOPA 

-197.7 

C9F12H14N6°3 

C 

1  .54 

WlDENTIAL 

(C)  To  bsttsr  define  the  formulation  region  of  interest,  predictions 

of  delivered  lsipulte  were  made  on  the  basis  of  two-phase  flow  considera¬ 
tions.  Figure  9  shows  the  calculated  effect  of  weight  percent  A 1 2 0 3  in  on 
exhaust  on  specific  impulse  efficiency.  Figure  10  shows  specific  impulse 
efficiency  ss  s  function  of  mass  flow  rate  for  both  fluorine  and  oxygenated 
binders.  As  shown,  the  fluorine  binders  give  significantly  higher  impulse 
efficiencies  then  oxygenated  binders  even  at  relatively  high  mess  flow 
rates  .  The  high  impulse  efficiencies  obtained  with  the  fluorine  containing 
propellents  can  be  explained  in  terms  of  Improved  combustion  efficiency 
(particularly  In  small  motors  and  st  high  fuel  loadings),  and  a  reduction 
In  two-phase  flow  losses.  The  reduction  in  r.wo-phsse  flow  losses  st  constant 
mass  flow  rets  can  be  related  to  1  reduction  In  weight  percent  condenssblot 
and  s  possible  reduction  in  the  oxide  particle  sire.  In  ord»r  to  fully 
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Figure  8.  Theoretical  Specific  Impulse  as  a  Function  of  Bindc 
fer  P  -  BEP/A1H-,/ AP  System 
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(C)  account  for  the  differences  in  efficiency  between  fluorine  and  oxygen 
systems,  the  assumption  of  either  a  1-mlcron  oxide  particle  must  be  made, 
or  if  a  4-micron  oxide  particle  is  present,  a  reduction  of  approximately 
1.0  percent  in  miscellaneous  losses.  For  example,  the  impulse  losses  of 
a  double-base  propellant  containing  approximately  18  percent  aluminum 
(34  percent  condensables)  at  a  mass  flow  of  8  lb/sec  can  be  broken  down 
as  follows: 


Basis  (percent) 

100 

Particle  lag  loss 

-2.5 

(4  micron  AI2O3) 

Heat  loss 

-1 

Miscellaneous  losses 

_ ^2 

Specific  impulse 

e  f  f ic iency 

94.5 

(C)  For  comparable  aluminum  loadings,  the  weight  percent  condensables 

of  the  fluorine  systems  is  approximately  one-half  that  of  the  double-base 
systems  with  an  indicated  impulse  efficiency  of  approximately  97  percent. 

As  shown  in  Figure  10,  this  reduction  in  percent  condensables  can  only 
account  for  approximately  1.6  percent  of  the  2.3  percent  difference  in 
efficiency  between  binders  if  a  4-micron  oxide  particle  is  assumed.  Thus, 
under  this  assumption  misce llsne  >us  losaes  must  be  reduced  by  approximately 
1  percent  to  account  for  the  difference  between  binders.  On  the  other  hand, 
the  assumption  at  a  1-mlcron  particle  could  almost  entirely  account  for 
the  2.5  percent  efficiency  difference.  These  factors  are  further  illustrated 
In  F lgure  11 . 

(C)  It  is  obvious  fro re  the  above  analysis  that  the  efficiency  data 

on  fluorine  systems  is  too  limited  to  allow  rigorous  prediction  of  the 
effect  of  propellant  and  motor  parameters  on  delivered  impulse  efficiency. 
Thus,  further  refinement  of  the  efficiency  correlations  was  expected  to  be 
en  important  part  of  the  Phase  II  effort.  Delivered  impulses  assuming  both 
a  1-  and  4-mlcron  oxide  particle  are  shown  in  Figure  11  as  a  function  of 
AIH3  loading  for  a  constant  system  dens ity  of  O.OilS  lb/ln.3.  As  expected 
from  lag-loss  considers! lone ,  the  assumption  of  a  1-mlcron  oxide  particle 
size  gives  the  highest  predicted  impulse  values  and  optimizes  at  near  opti¬ 
mum  theoretical  AIH3  loadings  (greater  than  25  percent).  Peak  predicted 
delivered  Impulses  in  the  processlble  range  for  tne  1-mlcron  oxide  assump¬ 
tion  are  approximately  274  sec,  in  excess  of  the  program  requirements  of 
272  aec  . 

(C)  The  assumption  of  a  4-micron  oxide  particle  and  1.2  percent 

miscellaneous  losses  gives  a  much  flatter  optimization  curve  with  a  peak 
delivered  impulse  of  270  aec  predicted  in  the  20  to  25  percent  AIH3  range. 
Because  the  AIH3  londing  will  control  the  upper  limit  or  processiblllty  and 
the  final  propellant  density,  it  becomes  necessary  co  determine  which  one 
of  tha  corralation  assumptions  is  moat  valid.  For  example,  If  the  1-mlcron 
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(C)  assumption  is  valid,  formulations  should  be  designed  with  the  highest  AIH3 
loadings  possible;  however,  if  the  4-inicron  size  assumption  is  valid,  it 
may  be  more  favorable  to  formulate  at  a  lower  AIH3  loading  and  maximize  AP 
loadings  to  achieve  higher  densities.  Figures  12  and  13  show  triangular 
plots  of  predicted  impulse  for  the  P-BEP/AIH3/AP  system  assuming  4-  and  1- 
micron  oxide  particles,  respectively  Initial  ballistic  screening  will  be 
carried  out  with  formulations  designed  to  determine  which  of  the  oxide 
size  assumptions  is  most  valid.  Formulations  within  the  inner  triangle 
Shown  in  Figures  12  and  13  will  be  explored.  Formulations  in  the  range 
of  18  percent  AIH3  to  the  maximum  obtainable  (expected  to  be  approximate ly 
25  percent  for  an  0.0615  lb/in. 3  density)  will  be  tested.  Oxide  particles 

should  be  collected  from  micro  and  5-lb  motor  firings  in  further  refining 
the  efficiency  and  delivered  impulse  predictions.  Once  the  formulation 
region  has  been  explored,  an  optimum  formulation  can  be  designed  for  maximum 
impulse  and  density  within  the  processible  region. 

2 .  Laboratory  Formulation  Effort 

(C)  In  support  of  the  formulation  effort,  packing  fraction  measure¬ 

ments  were  determined  for  multimodal  blends  of  AP  and  AIH3.  Blends  of 
600u  ,  ^00p,  50^,  and  1 5 ;jl  AP  wich  AIH3  were  studied.  Optimization  of  the 
size  distribution  was  conducted  using  the  Simplex  method  introduced  by 
Alley  and  Dykes.®  A  typical  response  surface  is  shown  in  Figure  14. 

Results  lndlc  .ted  moat  favorable  AP  distribution  was  a  blend  of  approximately 
30  percent  -600gi,  30  percent  -400u,  and  40  percent  -15p.  However,  based 
on  mechanical  property  considerations,  a  blend  of  65  percent  400ya  and  35 
percent  15h  AP  was  used  throughout  the  bulk  ot  the  formulation  effort. 

(C)  Using  the  above  AP  blend,  studies  were  conducted  to  determine 

the  effect  of  Increasing  solids  loadings  fran  60  to  approximately  70 
percent.  The  effect  of  Increasing  solids  loadings  in  several  formulations 
are  presented  in  Table  XLIII.  Within  this  grid  the  TVOPA  concent  in  the 
binder  was  increased  from  50  to  67  percent.  The  NC0:  OH  ratio  was  increased 
to  compensate  for  the  higher  TVOPA  formulations.  The  data  show  that  a 
formulation  containing  approximately  32-weight  percent  binder  Is  processible. 
However,  to  process  at  this  level  requires  the  use  of  the  higher  TVOPA 
containing  binder.  Unfortunately,  as  shown  in  Table  XLIII,  Chese  pro¬ 
pellants  characteristically  cured  more  3lowly  and  exhibited  poorer  mechani¬ 
cal  properties  than  those  made  with  a  1:  1  P-BEP; TVOPA  level. 

(U)  To  further  optimize  the  cure  of  P-BEP  propellants,  the  following 

variables  were  explored  in  a  series  of  300-gw  mixes: 
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Figure  n.  Predicted  Performance,  ^P^qqo’  for  P'BEP/AIH^/AP  System 
Assuming  IjiAl-O.. 


Packing  Fraction  Response  Surfaces  for  Blends  of  600/i/40Cy/15  p  A?, 


BEP/TVOPA  FORMULATIONS  FOR  SOLIDS  LOADING 
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(U) 


(a)  NCO: OH  ratio 

(b)  DBTDL  catalyst  level 

(c)  The  non-HF  reactive  catalyst,  DMTFX; 

(d)  A1  vs  A1H3 

(e)  Cure  temperature 

(f)  Binder  level 

(g)  P-B£P:TVOPA  ratio 

(h)  TVOPA  purification 
( 1)  HF  scavengers 

(k)  Polymer  modification  ( t r  1  lsocyanate/d 1 Isocyanate  blends) 


The  large  number  of  variables  made  a  complete  analysis  Impractical  and 
In  several  cases  only  an  Initial  Indication  of  the  effect  of  a  particular 
variable  was  obtained.  During  the  last  part  of  the  evaluation  the  effort 
was  directed  not  only  at  mechanical  property  determinations  but  at  reducing 
the  COj  generation  during  cure  and  this  efforc  will  be  discussed  separately 
Table  XLIV  shows  composition  of  the  two  basic  formulations  explored  at 
40-percent  binder. 

(C)  Two  Initial  1-lb  mixes  were  made  of  formulation  No.  1  at  a 

catalyst  level  of  0.005  percent;  one  had  an  NCO:OH  ratio  of  1.4  and  the 
other  had  an  NCO: OH  ratio  of  1.6.  Both  mixes  were  cured  at  120°  F.  The 
cuTys  was  not  as  complete  as  Indicated  by  previous  25-gm  mixes.  This  was 
shown  by  slight  tackiness  and  softer  than  expected  propellant.  Physical 
properties  of  42  pal,  36.5-percent  elongation,  and  170-pal  modulus  were 
obtained  for  the  propellant  cured  at  an  NC0:OH  ratio  of  1.6.  These  data 
show  that  the  propellant  was  not  fully  cured.  The  propellant  formulation 
cured  at  1.4  NC0:OH  was  not  tested  because  of  softness  and  solids  settling 
during  cure.  As  a  result  of  the  less  satisfactory  properties  In  the  1-ib 
mixes,  the  catalyst  level  was  Increased  to  0  02  percent  for  the  bulk  of 
the  remaining  effort. 

(C)  Table  XLV  shows  the  results  of  s  series  of  the  Al  control  made 

at  a  40  percent  binder  level.  These  results  Indicated  that  best  mechanical 
properties  were  obtained  at  high  catalyst  levels  and  high  cure  temperatures. 
Previous  25-gm  mixes  had  Indicated  the  optimum  NCO: OH  ratio  was  In  the 
range  of  1.4  to  1.6.  Studies  over  an  NC0:0d  ratio  range  of  1.4  to  2.0 
Indicated  as  expected,  that  the  higher  NC0.CH  ratios  gave  hlgi.est  tensile 
strengths  while  the  lower  ratios  favored  higher  strain  levels  at  tho 
sacrifice  of  tensile  strength.  Decreasing  the  P-BEP:TV0PA  ratio  appeared 
to  significantly  degrade  mechanical  properties  even  when  corrections  were 
made  for  the  TVOPA  Isocyanate  demand.  The  use  of  the  non-HF  reactive 
catalyst  dlmethyltln  dlchlorlde  appeared  to  give  comparable  properties  to 
the  CVX-105  catalyst  system  with  10  times  higher  ■-atalyst  levels  requiring 
•  lightly  longer  cure  does. 
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TABLE  XL1V 

formulations  for  physical  property 

EVALUATION  OF  P-BEP/TPMTI  BINDER  AT  40  PERCENT  BINDER  LEVEL 


l  2 


r-BEP 

19.00  j 

19.00 

TVOPA 

19.00 

19.00 

TCP 

C.  50 

0.50 

Mondur  TM  (TPMTI) 

1.50-1.71 

1.71 

CV-X105  ( 10  -percent 

DBTDL) 

O.Of  -  0.40 

0.20 

AP 

45.00 

42.00 

Al 

15 .00 

... 

aih3 

-- 

18.00 

t 
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MECHANIC/. L  PROPERTIES  OF  P-BEP/A1  PROPELLANTS 
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TABLE  XLV  (Cone) 
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(C)  Table  XLVI  shows  results  of  extension  of  the  binder  optimization 
studies  to  AUL  .  As  shown  between  mixes  165-20  (Table  XLV)  and  165-20 
(Table  XLVI)  there  did  not  appear  to  be  any  significant  difference  between 
the  ultimate  properties  of  A1  and  AlH^  propellants.  However,  the  cure  rates 
were  noticeably  slower  for  the  Al  propellants,  The  use  of  a  purified  TVOPA 
(no  Isocyanate  demand)  appeared  comparable  to  Increasing  the  NC0:CM  ratio 
(olx  165-25,  Table  XLV  vs  mix  165-53,  Table  XLVI).  (See  also  mixes  165-60 
and  165-S7,  Table  XLVI.)  Decreasing  the  binder  decreased  elongation  but 
did  not  significantly  effect  the  ten9lle  strength.  The  use  of  a  blend  of 
TPMTI  and  TDI  (mix  165-86)  appeared  to  give  better  properties  than  TPMTI 
alone  (at  a  lower  NC0:0H  ratio,  mix  165-75).  One  Interesting  anomaly 
occurred  recently  in  duplicating  the  pilot  plant  mix  cycle  In  the  labora¬ 
tory  (mix  165*60).  This  particular  aample  was  mixed  much  longer  than  usual 
prior  to  catalyct  addition  and  gave  a  significantly  higher  tensile  strength 
than  normal.  However,  strain  capability  was  not  improved. 

(C)  Anocher  interesting  phenomenon  occurred  with  the  use  of  calcium 

tetraborate  (CTB) .  In  one  experiment  the  CTB  waa  added  to  the  P-BEP/TVOPA 
solucion  orior  to  solvent  stripping.  After  solvent  stripping  for  24  hr 
the  free  HF  in  the  solution  was  reduced  from  9C0^g/gm  to  140  pg/gm.  This 
premix  was  used  to  make  a  500-gm  VKQ  propellant  mix.  However,  imnedlacely 
after  addition  or  the  normal  0.02  percent  DBTDL  catalyst  the  mix  set  up  ir. 
the  mix  bowl.  These  results  confirmed  that  CTB  is  effective  in  removing 
large  quantitlea  of  free  HF,  improving  the  catalyst  efficiency.  This  same 
phenomenon  has  been  observed  in  pilot  plant  mixes  where  an  extra  day  of 
stripping  has  significantly  reduced  pot  life.  An  additional  mix  was  made 
wit*  the  CTB  treated  premix  imlx  165-84)  with  no  catalyst.  This  mix 
cured  reasonably  well  a.'  90°  F  Indicating  CTB  may  also  be  an  effect  ve 
P-BEP  cure  catalyst. 

(C)  In  seminary,  results  of  the  binder  opt Iml; '•  ion  effort  indicated 

mechanical  properties  of  70  psl  tensile  strength  ar.  15  percent  elongation 
could  reasonable-  be  expected  at  binder  levels  of  3‘  :o  40  percent,  a 
P-BEP:TV0PA  ntfc  of  1:1,  a  DBTDL  :atalyst  level  cf  0.02,  with  a  room 
temperature  cu.  ..  At  lower  binder  levels,  where  Increased  TVOPA  levels  are 
necessary,  properties  are  significantly  poorer, 

(U)  It  la  recognized  that  improved  properties  could  be  obtained  from 

P-BEP  propellants  through  the  addition  of  polyols.  However,  this  approach 
significantly  lowers  energy  and  density  levels  and  makes  the  use  of  P-BEP 
as  a  binder  less  attractive. 

(U)  Based  on  the  above  studies,  a  NCOtOH  ratio  of  1.6:1  and  a  CUX-105 

catalyst  level  of  0.2  (0.02  percent  DBTDL)  was  selected  for  additional 
scaleup  mixes . 

3  .  P-BEP  Scaleup  Mixes 

(U)  A  total  of  13  large  P-BEP  mixes  were  made  using  the  TPMTI/ 

CWX-105  cure  and  catalyst  system.  Table  XLVII  shows  details  of  the  five 
formulations  which  were  scaled  up.  Table  XLVIII  summarizes  details  of  the 
mixes  made.  All  mixes  were  made  by  the  inert  diluent  process  in  a  10-quart 
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TABLE  XLVII 


P-BEP  SCALELT  FORMULATION’S 


Foraulat ion 

VKN 

vko 

VYP 

ncq 

VKR 

P-BEP 

17  .6 

19.0 

19  .0 

16.5 

16.5 

TVOPA 

17  .6 

19  .0 

19  .0 

16.5 

16.5 

TPMII 

1.7 

1.82 

1 .82 

-- 

1.58 

AP 

62  .7 

36.9 

42  .0 

47.0 

4^  .0 

AIH3 

-- 

23.0 

18  .0 

IS  .0 

21  .0 

TCP 

0.5 

0.5 

0.5 

0.5 

0.5  ' 

1 

CVX-105 

0.2 

0.2 

0  .2 

0.2 

0  .2 

Theoreticrl  Per  fonrance 

Isp  (IOOO/14.7) 

263.8 

281.4 

282 

283 

P  (lb/in. 3) 

0 .0647 

0.0602 

0 .0609 

0.0615 

i 

Tc  (°K) 

3259 

3202 

3260 

3415 

| 

1 

Oxidation  Ratio 

3.54 

0.997 

1  .22 

1  .34 

i 

i 

Weight  X  Conds  . 

23.0 

17  .9 

20.4 

— 

CONTI  1 

i 

lENTIAL  | 
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(U)  Hobart  mixer.  The  first  eighc  mixes  shown  wei>  :nade  under  Contract 
F016 1 1 -6 8-C- 0039  to  supply  AFRPL  aging  samples.  Th.se  nixes  were  cast  into 
either  5-in.  cubes,  2-in.  cubes,  or  Saylock  censiTe  molds.  The  VKN  pro- 
pellanc  has  a  very  slow  cure  rate  at  80°  F,  but  cu:ed  well  utthin  3  to  b 
days  at  120  F.  The  VKO  propellant  also  cured  slower  than  in  the  smaller 
(sixer  but  was  well  cured  in  9  days  at  80  F.  The  comparative  cure  charac¬ 
teristics  were  the  same  as  observed  for  1-pint  Baker  Parkins  mixes  made 
In  the  laboratory,  i.e.,  addition  of  AlH  ,  or  more  specifically,  nBA-treated 
AlH-j  catalyzed  the  Isocyanate  cure. 

(C)  The  remaining  5  mixes  were  cast  into  5PC  grains,  as  described  in 

the  following  paragraphs.  Mix  So.  9  was  an  11-lb  mix  of  VHP  propellant, 
and  was  cast  into  two  5PC  mold*.  The  propellant  contained  0.02  percent 
DBTDL  catalyst  and  alao  cured  slower  than  laboratory  mixes.  The  grains 
were  cured  13  days  before  mold  disassembly.  Both  grains  were  slightly 
damaged  during  disassembly  by  propellant  fractures  caused  by  oropeilant 
adhering  to  the  po'yethylene  mold  plates.  The  propellant  fractures  were 
removed  by  machining,  and  both  grains  fired. 

(C)  Mix  No.  10  was  a  5.5-lb  mLx  of  VKQ  propellant  and  was  cast  into 

one  5PC  mold.  To  study  the  effect  of  stripping  efficiency  on  propellant 
cure  rate,  che  P-BEP:TV0PA  solvent  was  stripped  for  an  extra  day  prior  to 
completing  this  mix.  This  grain  cured  approximately  twice  as  fast  as 
previous  mixes  made  using  a  1-day  stripping  cycle  The  pot  life  was  also 
noticeably  shorter  for  this  mix,  The  grain  obtained  from  this  mix  was  of 
good  quality  and  fired. 

(U)  Mix  No.  11  was  an  11.5-lb  mix  of  VkQ  propellant  and  was  cast  in 

a  dual  grain  5PC  mold.  Tnls  mix  was  made  with  the  normal  one  day  stripping 
cycle.  Again,  this  grain  exhibited  the  slower  cure  rate.  X-ray  inspection 
showed  thac  top  grain  contained  *ome  porosity  while  tl.r  bottom  grain  con¬ 
tained  numerous  voids  to  a  1/9  in.  diameter.  The  top  grain  was  subsequently 
fired  successfully.  The  cause  of  che  porosity  in  this  grain  was  not  readily 
apparent . 

(U)  To  confirm  the  faster  cure  rate  with  the  longer  stripping  cycle, 

an  additional  5.5-lb  mix  (mix  No.  12)  of  VKP  propellant  was  made  with  a 
2-day  stripping  cycle.  Again,  the  pot  life  was  much  shorter  and  tlv  cure 
race  faeter  than  with  the  shorter  stripping  cycle.  Radiographic  inspec¬ 
tion  showed  several  large  voids  throughout  this  grain  which  were  felt  to 
be  due  to  poor  consolidation  resulting  from  the  short  pot  life. 

(C)  One  final  mix  (mLx  No.  13)  was  made  of  the  VKJl  formulation  in 

which  modifications  were  made  to  reduce  gas  generation  and  improve  pot  life. 
Anraonlum  perchlorate  was  vacuum  dried  several  days  at  190°  F  to  lower 
residual  moisture  to  a  minimum.  In  addition,  the  TPMTI  was  reduced  so  as 
to  provide  a  1.3  NCO: OH  ratio.  Previous  mixes  were  made  with  a  1.6  NC0:0H 
ratio.  These  steps  were  designed  to  reduce  the  potential  for  the  produc¬ 
tion  of  C02-  The  P-BEP/TV0PA  mixture  was  vacuum  stripped  for  2  days.  The 
CWX-105  catalyst  level  was  reduced  from  0,2  to  0.1  percent.  The  mix  cenp- 
ersture  was  kept  below  100°  F.  This  grain  was  cured  at  90°  F  snd  was 
disassembled  after  5-day*  cure.  X-ray  examination  of  each  grain  shewed  ten 
voids,  two  were  ebout  3/8  In.  in  diameter,  and  four  had  cracks  associated 
with  them. 
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(C)  The  results  of  this  casting  indicated  the  porosity  problem  is 

associated  with  a  rheology  problem  during  casting  and  consolidation.  It  is 
known  that  the  reduction  in  che  free  KF  level  during  the  stripping  cycle 
significantly  reduces  pot  life.  This  factor,  coupled  with  the  higher  solids 
loaded  formulations  may  have  led  to  poor  grain  consolidation  on  the  latter 
mixes.  A  solution  to  this  problem  appeared  to  require  s  good  deal  of  addi¬ 
tional  effort,  including  reformulation  at  hieher  TV CP A  levels  to  get  a  more 
fluid  mix,  and  prior  elimination  of  HF  to  get  a  more  reproducible  pot  life. 
This  effort  did  not  appear  warranted  in  light  of  me  short  P-ftEF/AlH^  shelf 
lives  and  no  additional  P-BEP  mixes  were  made.  (Refer  to  Section  V, 
paragraph  5.)  Further  scaleup  was  accomplished  with  the  R-18  binder. 


A.  Ballistic  Evaluation 


a.  Micro-Motor  Firings 


(C)  A  limited  number  of  nuro-motor  firings  were  made  of  P-BEP 

propellants  to  determine  initial  burning  rate  characteristics  to  size 
nozzles  for  the  larger  motors.  The  basic  micro-motor  design  Is  the  same 
as  the  Rohm  h  Haas  /5C.50-1.5  motor  design  and  contained  approximately 
10-gm  of  propellant.  Initial  firings  were  made  with  an  igniter  composed  of 
an  M-105  Atlas  match  with  200  mg  of  NNP-503  powder  with  VKP  propellant. 
However,  a  rather  severe  ignition  saddle  was  experienced  with  this  system. 
Additional  firings  were  made  with  a  wide  variety  of  igniter  materials  in 
an  attempt  to  obtain  more  neutral  traces.  Magnesium-teflon  was  found  to 
provide  the  most  desirable  Ignition  characteristics  and  a  series  of  firings 
were  conducted  using  various  weights  and  combinations  of  magnesium-tef len 
powder  and  quartered  3M  magnes turn- tef Ion  pellets.  All  firings  were  con¬ 
ducted  at  1C00  psia  design  pressure.  A  bag  Igniter  composed  of  an  M-105 
Atlas  match  and  *00  mg  of  magnes ium- te f Ion  powder  gave  the  most  acceptable 
pressure-time  trace.  A  typical  trace  is  shown  in  Figure  15.  Discharge 
coefficients  of  0.0063  sec  were  obtained  for  all  firlnga  using  300  to 
400  mg  of  magnes ium- tef Ion  material. 
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Figure  15.  Pressure-Time  Trace  for  Micro  Motor  Crsin  No. 

165-12-4,  Propellant  Composition  BC - 165-12 
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(C)  Using  -bove  ignition  system,  ?-K-r  data  wjo  obtained  on 

VKP  propellant  over  a  p  essure  range  of  5C0  to  1500  psia.  There  were  nc 
indications  of  any  ballistic  anomalies  over  this  pressure  i.  /.  ihe  P-r'-r 
data  from  these  firings  is  shown  in  Figure  16.  Also  shown  in  Figure  16 
are  the  results  of  strand  burning  tests  of  this  propellant.  Cood  agree¬ 
ment  with  the  micro-motor  data  is  evlde-t.  The  burning  rate  of  the  VKP 
propellant  was  1.4  in. /sec  at  1000  psia  with  a  pressure  exponent  of  0.67. 

b.  Five  l*cuna  Motor  Firings 


(U)  Four  5-lb  motor  firings  of  the  P-BEP/A1H.  propellant,  pro¬ 

duced  frotn  the  scaleup  mixes,  were  made.  Two  firings  of  each  of  VKP  and 
VKQ  propellants  were  made.  Details  of  these  firings  are  presented  in 
Table  XLLX  and  typical  pressure  and  thrust- time  curves  are  shown  in 
Figure  17. 

(0)  The  first  firing  was  of  VKP  grain  £-814.  Apparently,  the 

beaker  split  during  initial  pressurization  due  to  a  more  rapid  that,  usual 
pressure  rise  for  this  propellant.  The  increased  surface  caused  a  peak 
pressure  of  about  2400  lb,  overloading  both  pressure  and  thrust  data 
acquisition  syetema.  Reliable  ballistic  data  was  thus  not  obtained  from 
this  firing.  Succeeding  firings  were  made  with  a  modification  In  motor 
loading  to  permit  faster  pressur Iza t loy^beh tnd  the  grain  Inhibitor.  The 
second  VKP  firing  gave  a  delivered  IsPiqoq  258.9  sec  tor  an  efficiency 
of  91.9  percent.  The  two  VKQ  firings  gave  an  average  delivered  IspIqqo 
265.3  sec  for  an  efficiency  of  94.1  percent.  The  average  mass  flow  late 
for  the  VKQ  firings  was  8.4  lb/sec.  The  high  efficiency  ana  high  delivered 
impulse  of  the  VKQ  propellant  at  thla  mass  flow  rate  confirmed  tht  expected 
high  performance  of  DOM1N0/AUU  propellants.  Additional  analysis  of  this 
data  la  given  ir,  Pzrdgrsph  1,1. 

5.  Shelf  Life  Studies  of  P-BEP  Propellart 
a.  Postcreatment  Studies 

(C)  Previously  reported  efforts  showed  significant  Improvements 

In  stability  of  neat  A III3  could  be  obtained  with  the  NBA  passivation.  This 
initial  effort  indicated  a  7  day/60°C  cycle  was  near  optimum  from  the 
standpoint  of  early  gas  formation  and  oxygen  uptake  (purity  decrease). 
Further-opr lmlzat ion  studies  were  conducted  to  optimize  the  treatment 
cycle  based  on  long-term  stability  in  P-BEP  propellant.  In  this  study,  a 
determination  was  made  of  the  off-gases  evolved  Jroro  P-BEP/TV0PA/A1H ^  pro¬ 
pellants  as  a  function  of  passivation  time  at  60  C.  The  samples  were  con¬ 
tained  in  stainless  stell  tubes  coupled  to  a  modified  CC  column  for  separa¬ 
tion  and  quantization  c£  the  gases.  Figure  18  shows  a  suimary  of  total 
gases  determined  from  complete  P-BEP/AlH  propellants  containing  "ar 
received,"  7-day,  and  14-day  nBA  created^AlHj ,  respectively.  Figure  19 
shows  the  same  plot  for  hydrogen  only.  These  samples  were  prepete-i  in  the 
laboratory  (25-gm  mixes)  and  placed  in  the  off-gas  analyzer  irm_d1s  ely 
after  mixing,  l  e.,  prior  to  cure.  Thu  off-gas  results  on  25-gm  '  A.es 

after  21-day  testing  at  60  C  is  shown  lr  the  following  tabulation 
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TABLE  XLIX 
MOTOR  FIRING  SUMMARY 


lbm 

Theoretic  l  lap  at 

Firing  Conditions 

Efficiency,  Elf 
13 


Iflp 


1000 


Formulation 

VKP 

VKP 

VKQ 

VKQ 

Mocor  Design 

SfC 

5  PC 

5PC 

5  PC 

Firing  Date 

4/30/69 

4/18/69 

4/30/69 

5/7/69 

Crain  No. 

S-01JAH 

S  —  8  LA  All 

S-818AH 

S-819AH 

Firing  No. 

noM-i 

DOM-2 

DOM- 3 

DOM-4 

Propellant  Wtg. 

4.90 

4.74 

4.78 

5.3B 

K-S/A. 

61.68 

★ 

70.40 

67.99 

t  -sec 

d 

1 .006 _ 

★ 

0_.5H2_ _ 

0^6)7 _ 

t,  -sec 
b 

T  -p6ia 

0.943 

★ 

0.555 

0.590 

606 

* 

1208 

1060 

ypsla 

Pmax-psia 

69  8 

★ 

1240 

1091! 

701 _ _ 

* 

1350 

_1J  78 _ 

pamb-psia 

12.22 

* 

12.22 

12.29 

r-in./aec 

1  .007 

* 

1.701 

1,607 

m-lb/sec 

4.87 

it 

8.21 

O  *0 

•  1 

C  .•sec 

0.00588 

* 

0.005/6 

0.00585 

a 

<*A/  A 

6.250 

6.285 

7.257 

6.231  • 

e  c 

T  -lb. 
a  f 

lap  del. -lb  -sec 

1214 

* 

2223 

22  30 

249.9 

’A 

271.0 

26  7 

271.9  *_ 

9i.0_l _  •*_ 

258.9  * 


287.0 


267.0 


o  :>8__ 

264.9 


Note* : 


Not  considered  valid  because  of  beaker  split  at  initial  pressurization. 
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Figure  18.  Gas  Generation  at  IViKP/TVOl'A  Propellants  (Toral  Cases) 


CONFIDENTIAL 


(c) 


AlHj  Treatment 

cc '3  Gas/Gram  "As  Received"  7 -Day  NBA  iA-Dav  NBA 


H2 

5.54 

2.80 

0.78 

CM 

O 

0.28 

0.49 

0.54 

HCN 

0.04 

0.37 

0,30 

Total 

5.86 

3.66 

1.62 

These  data  show  that  significant  Improvements  were  obtained  In  the  stability 
of  AlH^  by  the  n-buty 1 amine  treatment.  Also  of  importance  is  the  increase 
in  the  amount  of  CO2  and  HCN  with  the  NBA-treated  material,  Indicating  a 
possibility  of  an  Interaction  between  the  P-BEP  binder  and  the  NBA-treated 
AlH^.  Off-gas  data  for  a  repeat  run  with  14-day  NBA  AIH3  taken  from  a  large 
pilot  plant  mix  after  20  days  at  60°  C  is  tabulated  as  follows: 


AlH,  Treatment 


Gas / Gram 

14-Day  NBA 

h2 

1.17 

C02 

0.25 

HCN 

0.12 

Total 

1.54 

These  data  show  less  C02  and  HCN,  poaslbly  due  to  better  srripplng  in  the 
pilot  plant  over  the  25-gm  mixer.  However,  the  HCN  level  is  still  higher 
than  the  "laboratory"  "as  received"  AlH-j  sample. 

b .  Stability  Studies 

(C)  To  obtain  gas  generation  rate  results  that  would  be  direccly 

relatable  to  cracking  cube  results,  several  2-in.  cubes  of  both  P-bEP/Al 
and  P-BEP/AlK-j  propellants  were  made.  (Refer  to  Table  XLVH  for  details 
of  the  formulations  used  in  this  study.)  These  cubes  were  cured  at  80  F 
and  samples  of  the  cubes  placed  in  the  off-gas  analyzer  Just  prior  to  plac¬ 
ing  the  cubea^in  surveillance.  Results  of  off-ga*  testing  with  these 
sample:?  at  60  C  are  presented  in  Table  L.  Of  ma^or  significance  is  the 
fa^t  chat  the  induction  period  to  the  onset  of  AlH^  decomposition  observed 
in  the  tests  conducted  with  curing  propellant  has  apparently  been  used  up 
so  that  hydrogen  was  detected  immediately.  In  addition,  a  ouch  higher 
Initial  CO2  peak  was  observed  with  the  P-BEP/Al  propellant.  This  high 
peak  may  be  the  result  of  a  poorer  cure  of  the  A1  propellant,  leaving 
residual  Isocyanate  to  react  with  moisture  contamination.  Again,  3s  with  the 
previous  tests,  the  NBA-treated  AlH^  sample  gave  larger  quantities  of  HCN. 
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(C)  Thg  2-ln.  cubes  of  both  A1  and  AlH^  propellants  were  stored 

at  80°.  100° ,  120  ,  and  1 '*0°  F .  The  AlH^  propellant  was  alsu  stored  at 
lt>.°  F  (75  C)  .  At  167°  and  140°  F,  the  A’llj  propellants  cm  ked  within 
2  days  storage.  At  120°  F,  the  AlH.  propellant  cracked  between  2  and  5  days 
At  100°  and  80°  F,  there  was  an  initial  indication  of  some  p  rosity  forma¬ 
tion  r.fter  9  ana  14  days,  respectively.  However,  no  additional  changes 
were  apparent  after  51  days  in  these  Samples.  This  Initial  tallure  indica¬ 
tion  is  probably  due  to  a  high  initial  gassing  rate  which  decreases  after 
several  days  allowing  the  gas  to  diffuse  out  from  the  sample  as  rapidly  as 
it  Is  formed. 


(C)  The  P-BEP/Al  samples  failed  oetween  5  and  9  d.-./s  at  140  F 

and  between  21  and  34  deys  at  120°  K  No  signs  of  failure  were  apparent 

in  the  samples  stored  at  100°  and  80  F  after  57  days.  It  was  felt  chat 
the  2-ln.  cubes  were  below  the  critical  cube  thickness  for  these  tempera¬ 
tures  and  Che  tests  were  terminated.  Figure  20  summarises  the  cracking 
results  graphically. 

(C)  The  short  time  to  fissuring  of  the  P-BEP/Al  propellants  at 

140°  and  120°  F  was  disappointing  and  indicative  of  a  potentially  serious 
long  term  aging  problem  fur  the  binder.  For  example.  It  has  been  shown 
that  2-ln.  cybes  of  the  EAAA/TV0PA/A1  propellants  will  survive  for  several 
months  ac  80  C. 

(C)  Based  on  the  off-gas  analysis  testing  at  140°  F  (60°  C) ,  tee 

failure  of  P-BEP/Al  cubes  at  140  F  can  be  attributed  to  C02  generation 
during  cure  and  elevated  temperature  storage.  This  can  be  deduced  from 
the  COj  solubility  data  and  the  propellant  mechanical  properties  using 
Henry's  law  and  the  '^awson  failure  criteria  (Refer  to  Section  V,  paragraph  B 
for  a  discussion  of  the  method  of  predicting  failure.)  For  the  P-BEP/Al  pro 
pellanc,  the  critical  CO2  concentration  was  calculated  as  approximately 
0.22  cc's/gm  propellant.  As  presented  in  Table  L,  this  concentration  is 
achieved  in  approximately  7  days  when  g_aln  rupture  would  be  expected.  As 
discussed,  actual  grain  failure  occurred  between  5  and  5  days.  For  the 
P-BEP/AIH3  propellant,  both  hydrogen  and  CO2  pressure  would  contribute  to 
an  earlier  failure  as  was  observed. 

(U)  To  further  define  the  shelf  life  for  both  P-BEP/Al  and 

P-BEP/AIH3  propellants,  additional  gas  generat ion  r ate  studies  were  con¬ 
ducted  at  100°  F. 


(C)  Propellant  taken  from  the  surveillance  cubes  was  s 
100°  F  and  used  in  these  tests.  The  following  tabulation  present 
obtained  to  date: 


tored  it 
s  data 


Sample 

No  AiHj 
AIH3 
No  AlH. 

AIH3 
No  AlH. 

AlH, 
No  AlH^ 
AlH, 
No  AlH^ 
AIH3 


(?  100c 


cc  's/s 


3 

NT) 

0.050 

3 

0.05 

0.24 

4 

ND 

0.020 

4 

0.007 

0.030 

5 

ND 

0.004 

5 

0.001 

0.011 

6 

ND 

0.004 

6 

0.001 

0.010 

11 

ND 

0.013 

11 

0.01  1 

0.034 
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(C)  Of  major  significance  was  the  rapid  Initial  CO2  and  ^  gas 

generation  for  the  P-BEP/AlH^  propellant  so  that  early  failure  might  be 
expecced.  However,  once  past  this  initial  high  generation  period,  diffusion 
processes  could  control  the  shelf  life.  As  discussed  previously,  this 
appeared  co  be  the  case  with  the  2-in.  cubes  stored  at  100  F.  For  the 
F-8EP/A1  sample,  early  failures  ^ould  not  be  anticipated  from  the  lower 
CO2  generation  rate  shown  at  100  F. 

(C)  Further  analysts  of  the  CO-  generation  in  both  P-BEP/A1 

and  P-BEP/AlHj  propellants  is  shown  at  140°  and  100°  F  in  Figures  21  and 
22,  respectively.  These  data  show  that  both  propellant  systems  are  In  the 
same  population  at  140  F.  In  addition,  it  appears  that  the  initial  gas 
generation  Is  roughly  twice  the  final  generation  rate,  and  may  be  due  to 
a  residual  isocyanate-water  reaction  or  an  Incompatibility  with  these  Im¬ 
purities.  In  contrast,  Figure  22  indicates  the  P-BEP/Al  and  P-BEP/AlH 
propellants  are  of  different  populations  at  10C°  F  and  AlH^  is  catalyzing 
CO2  generation. 

(C)  Several  attempts  were  made  to  reduce  the  C0„  generation  from 

P-BEP/AlH^  propellants  and  Included  the  use  of  HF  scavengers,  varying  the 
cure  stoichlomecry ,  and  strictor  moisture  controls. 

(C)  Non  of  these  techniques  substantially  reduced  the  gassing 

problems.  Based  on  these  efforts,  the  following  conclusions  were  made 
regarding  the  use  of  AlH^  in  a  P-BEP  binder. 

(a)  The  use  of  the  catalyst  loaded  molecular  sieves 
assured  that  firm  cures  could  be  consistently 
obtained,  however,  cure  rates  and  consequently 
pot  life  varied  with  scripping  efficiency  as 

a  result  with  mix  size.  This  problem  could  possibly 
be  resolved  by  pretreating  the  P-BEP  to  remove  HF . 

(b)  Mechanical  properties  in  a  ballisclcally  optimized 
propellanc  are  marginal  with  the  use  of  the 

t r 1 lsocyana t e  cure  system.  Improvements  could 
probably  be  made  with  the  use  of  reinforcing 
polyols,  but  this  approach  dilutes  the  energy 
and  density  advantages  of  the  P-BEP  binder. 

(c)  Shelf  lives  of  bot.  o-BEP/Al  and  P-BEP/AlH^  pro- 
pellancs  are  very  short  at  120°  F  in  small  webs 

and  probably  short  in  large  webs  at  temperatures  as 
low  as  100°  F.  There  is  also  indication  of  a 
compatibility  problem  between  A1H.  and  the  P-BEP 
binder.  This  problem  may  be  due  to  residual  NBA 
left  cn  the  ALH^  catalyzing  decomposition  of  the 
P-BEP  binder,  catalysis  of  the  competitive  water- 
isocyanate  reaction  or  catalysis  of  urethane 
hydrolysis  all  cf  which  could  give  CO^  during 
storage.  The  presence  of  more  HCN  gas  during 
storage  for  P-BEP/AlHi  propellants  is  Indicative 
that  at  least  some  additional  P-BEP  degradation 
is  occurring . 
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(C)  The  above  problems  led  to  the  belief  that  the  scaleup  of 

P-BEP/AlH^  propellants  was  not  attractive  without  a  good  deal  of  additional 
effort  directed  towards  purification  of  P-3EP  and  development  of  a  cleaner 
P-8EP  cure.  Further  compatibility  studies  with  AlH  in  the  P-5F.P  binder 
were  also  considered  a  necessity.  As  a  result,  it\as  recommended  that 
further  P-3E?  scaleup  efforts  be  eliminated  in  favor  of  the  alternate 
binder  approach. 

B.  ALTERNATE  BINDER  SCALE L*P 

1.  Selection  o*  Candidate  Propellants 

(C)  A  aeries  of  theoretical  specific  impulse  calculations  were  made 

with  the  R-18  binder  to  aid  in  the  selection  of  propellants  to  be  fired 
in  5-lb  motors.  These  calculations  (Table  LI  and  Figure  23)  indicate  that 
the  theoretical  impulse  begins  to  level  off  above  22  percent  aluminum 
hydride,  so  there  is  Little  advantage  to  attempt  to  use  larger  quantities. 

Addition  of  HMX  has  little  effect  on  the  theoretical  impulse,  lowering  it 
slightly  on  the  AlH,  system,  and  raising  the  impulse  on  systems  containing 
less  hydride.  The  two  compositions  that  were  selected  tor  testing  iVKU 
and  View)  are  presented  in  Table  LII. 

2 .  Scaleup  Experience 

(C)  Process  hazards  studies  indicated  the  AlH  /TV ORA  propellants 

could  be  safely  handled  in  the  Bacchus  1  pint  and  li  quart  Hobart  mixers 
without  substantial  equlpr.ient  or  procedural  modifications.  However,  in 
scaling  up  to  70-lb  mixes  in  the  5-gal  J.  H.  Day  mixer,  hazards  analysis 
indicated  that  several  steps  were  required  which  had  inadequate  safety  mar- 

5  * 

(C)  Based  o,.  extensive  haiards  tests  on  the  AlHj /DOMINO  propellants, 

Hercules  feels  that  an  Inert  diluent  process  is  highly  dcsir.ble  foe 
scale  up  above  the  1-gal  Hobart  Mixer.  Both  impact  and  friction  sensitivity 
of  these  propellants  are  well  below  the  sensitivity  of  non-AlH  propellants 
normally  processed  in  larger  mixers.  Recent  tests  of  combinations  of  indi¬ 
vidual  Ingredients  that  could  occur  during  mixing  indicate  that  even  more 
sensitive  combinations  are  possible  than  the  complete  green  slurry.  The 
most  probable  source  of  initiation  during  mixing  is  due  to  friction, 
and  the  results  of  friction  tests  with  these  combinations  are  shown  in 
Figure  24.  The  shaded  area  is  the  force  level  that  is  achievable  in  manual 
operations.  The  AlHj  propellant  (in  the  green  slurry)  falls  well  within 
this  force  region,  whereas  high  energy  double-base  propellants  do  not 
penetrate  this  region.  Two  comb inar tons  of  AIH-,  with  AP  and  with  TVOPA, 
are  much  more  sensitive  even  than  the  uocured  slurry  propellant.  The 
TVOPA/AlH-j  combination  can  even  be  initiated  wit!  out  any  force  being 
applied  to  the  wheel  in  the  friction  apparatus.  (See  Figure  25.)  A  sample 
of  TV0P<./A1H^  placed  on  the  anvil  will  inltate  with  a  clearance  of  1/16  in.  ( 

between  the  wheel  and  the  anvil  at  speeds  of  6  ft/sec  or  above.  Thus, 
the  only  friction  forces  developed  In  this  te  c  are  from  the  propellant 
Ingredients  themselves  since  there  was  no  metal-to-metal  contact.  There¬ 
fore,  the  mix  procedure  should  be  such  that  there  is  no  chance  of  forming 
these  sensitive  binary  combinations  at  any  time  during  the  mix  cycle. 
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The  remainder  of  the  propellant  composition  is  3.^7.  R- 18  binder  and  26.17.  TVOI’A. 
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Figure  23.  Theoretical  lap  Calculations 
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Figure  2U .  Friction  Sensitivity  of  Ingredient  Combinations 
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Figure  25.  Operating  principal  of  Friction  Test  Apparatus 
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TABLE  LI  I 

COMPOSITIONS  FOR  SCALEUP 


Propellant  Designation 

VKU 

VYV 

Composition 

R-18  Binder 

3.9 

3.9 

TVOPA 

26.1 

26.1 

A? 

48 

42 

HMX 

-- 

10 

A1H3 

22 

18 
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(C)  An  analysis  of  the  heat  genera  ion  during  mixing  is  presented  in 
Appendix  C.  Insignificant  heat  generation  is  obtained  during  normal 
operation  of  the  5-gal  J.  H.  Day  mixer. 

(U)  The  addition  of  inert  diluenc  to  the  mix  procedure  can  reduce 

the  hazards  in  2  number  of  way*: 

(a)  The  possibility  of  forming  binary  mixtures  of  the  most 
sensitive  combinations  will  be  reduced. 

(b)  The  chances  of  Initiation  of  the  mix  through  accidental 
application  of  abnormal  forces  will  be  reduced. 

(c)  The  possibility  of  an  initiation  propagating  to  the 
whole  mix  will  be  reduced. 

3.  Inert  Diluent  Process 

(C)  Considerable  difficulty  was  encountered  in  designing  an  inert 

diluent  process  that  would  cure,  A  surmary  of  the  R-18  inert  diluent 
mixes  made  under  this  program  is  given  in  Table  LIII.  The  following  three 
basic  procedures  were  tested; 

(a)  Ths  dry  solids  were  added  to  a  TVOPA/diluent  mixture 

from  the  remote  addition  hoppers.  This  procedure  required 
Chat  the  solid  be  added  at  ambient  pressure  to  preve 
premature  diluent  stripping  whereas  they  are  normally 
added  under  vacuum.  It  was  found,  however,  that  ambient 
addition  of  the  solids  caused  the  generation  o'.  large 
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(C)  quantities  of  dust  which  is  a  serious  safety  hazard. 

A  slow  cure  was  also  evident  with  this  procedure  (see 
mix  No,  BC-172-95  and  -99).  Therefore,  this  approach 
wcs  abandoned. 

(b)  In  the  second  process,  the  mix  was  performed  without  inert 
diluent  uncil  after  the  solids  were  added.  Dllu.  nr.  was 
Chen  added  to  aid  in  solids  dispersion  and  to  remove  any 
agglomerates  on  the  mix  blades.  After  removal  of  the 
diluent,  the  catalyst  was  added  and  the  mix  completed 
under  vacuum.  This  procedure  was  tested  in  the  l-pint 
Baker -Ferkins  mixer  and  resulted  in  a  high  quality 
propellant  which  cured  in  5  days  at  100°  F  (BC-138-57). 
However,  when  tried  in  the  Hobart  mixer  (12  lb)  the 
propellant  cured  very  slowly  resulting  in  a  soft  porous 
propellant.  Analysis  of  this  mix  revealed  that  sufficient 
isocyanate  and  hydroxyl  groups  were  available  to  react,  so 
the  blame  muse  fall  on  the  catalyst.  The  catalytic 
activity  is  reduced  by  the  procedure,  probably  due  to 
incomplete  dispersion  of  the  catalyst.  The  fact  that 

the  Baker-Perkins  mix  (which  has  better  mixing  action) 
cured,  whereas  the  Hobart  mix  did  not  cure,  supports 
this  explanation. 

(c)  The  order  of  solids  addition  was  reversed  in  the  third 
procedure  to  remove  all  possibility  of  dusting  and  solids 
caking  on  the  blades.  Dry  AlHj  was  added  to  the  mixer 
bowl  followed  by  the  TVOPA/dlluent/R-18  mixture.  Then, 
a  slurry  of  oxidizer  in  freon  was  added  by  hand  to  the 
bowl  and  the  freon  waa  carefully  removed  to  avoid  aplash- 
irg.  After  complete  removal,  the  croeallnker  (HT)  ard 
TDI  were  added  and  dispersed  in  the  mix,  followed  by  the 
crtalyst.  The  mix  wae  then  vacuum  mixed  and  cast,  Poor 
cirea  were  also  obtained  with  this  procedure  even  with  a 
final  mix  cycle  of  90  min. 

(C)  Each  inert  diluent  process  has  one  thing  in  common,  catalyst  is 

eddad  after  the  solids  are  Incorporated  in  the  mix  and  the  inert  diluent 
la  removed.  It  appears  that  the  small  amount  of  liquid  DBTDA  catalyst 
(0.005  percent)  does  not  get  dispersed  when  added  after  all  of  the  solids 
are  in  the  mix.  To  overcome  r.hia  problem  the  catalyst  wo#  placed  on 
molecular  sieves.  The  sieves  not  only  aid  in  the  dispersal  of  the 
catalyst  hut  also  allow  the  use  of  larger  quantities  of  catalyst  while 
maintaining  an  adequate  pot  life.  For  example,  0.2  percent  of  sieves 
containing  20  percent  DBTDL  (CWX  105B  from  Linde  Division  of  Union  Carbide) 
gave  adequate  pot  life  and  good  cure  whereas  0.01  percent  of  DBTDA 
(liquid)  resulted  in  Insufficient  pot  life.  The  sieves  are  designed  to 
protect  the  cataiyst  ao  that  It  is  not  available  for  catalytic  activity 
until  it  la  displaced  from  the  sieves  by  either  host  or  by  another 
molecule  (in  thin  case  probably  by  water  and/or  Hr). 
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(U)  Using  the  third  inert  diluent  procedure  with  the  catalyst  on 

sieves,  two  1-lb  Baker-Perklns  mixes  were  made  successfully  (mix  No. 
BC-138-77  and  -80).  Also,  a  70-lb  mix  was  made  in  the  Day  mixer,  using  a 
1-hr  mix  cycle  after  addition  of  the  catalyst,  resulting  in  a  soft  rubbery 
propellant  after  a  2-day  cure  at  100  F.  The  propellant  was  ncnporous, 
except  that  several  casting  voids  were  present  in  one  of  the  lb-lb  motors. 

(U)  To  improve  castabilicy  In  the  second  70-lb  mix  the  procedure  was 

modified  by  cutting  the  mix  cycle  to  30  nin  alter  catalyst  addition.  This 
mix  did  not  cure  properly.  A  very  soft  porous  propellant  resulted  after 
2  days  at  100  F.  The  soft  propellant  and  slow  cure  was  caused  by  impur¬ 
ities  in  the  TVOPA  as  was  discussed  in  Section  III,  paragraph  5.  Purifica¬ 
tion  of  TVOPA  resolved  the  problem.  (Refer  co  Appendix  B.) 

(U)  One  characteristic  tliac  is  common  to  all  inert  diluent  pro¬ 

pellants  is  a  marked  decrease  in  mix  viscosity  over  propellants  made  without 
inert  dtluenc.  The  explanation  for  this  reduced  viscosity  is  believed  to  be 
an  improved  wetting  of  the  solids  by  the  binder  ingredients,  plasticizer, 
and  binder.  Residual  diluent  is  not  responsible  lor  the  improved  viscosity, 
since  analysis  has  shown  the  amount  of  diluent  to  be  less  than  0.01  percent 
in  the  propellant  at  the  end  of  the  mix  cycle, 

I, .  Ballistic  Results 

(C)  The  burn  rote  of  VKU  and  VKW  propellants  was  tested  by  strand 

and  micromotors.  The  effect  of  varying  Che  AP  particle  size  and  the  adding 
of  HMX  to  VKU  were  also  tested.  The  results  (Flgur:  26)  indicate  that 
teplacing  2  p  AP  with  15  p  AP  lowers  the  burn  rate  approximately  3  percent, 
whereas  adding  10  percent  HMX  lowers  the  race  an  additional  20  percent. 
Micro-motor  P-K-r  firing  results  of  VKW  propellant  arc  shown  in  Figure  27. 

A  burn  rate  of  1.3  in. /sec  at  1000  pal  at  a  slope  of  0.60  wan  achieved. 

The  results  agree  closely  with  strand  data.  In  addition,  die  burn  rates  of 
the  5-lb  motor  firings  are  plocted  on  the  same  graph  showing  that  close 
agreement  was  achieved. 

(C)  Boch  VKU  and  VKW  propellants  'ere  fired  for  impulse  measurements 

in  micro  motors  and  5"lb  motors.  VKW  was  also  fired  In  a  lb-lb  motor,  ihe 
results  of  these  firlrgs  are  summarized  fn  Table  LIV.  Details  of  the  large 
motor  firings  and  firing  traces  are  presented  in  Table  IV  and  Figures  28 
through  32.  The  results  of  the  micro  motor  and  5 -lb  motor  firings  clearly 
indicated  that  the  impulse  efficiency  of  the  18  percent  AIH3  VKW  is  higher 
than  the  22  percent  AIH3  VKU,  thus  giving  equivalent  delivered  impulse  from 
the  two  propellants.  Since  VKW  has  a  higher  density  it  was  chosen  for 
scaleup  to  the  15-lb  motor.  The  delivered  impulse  l[oo0  of  267  with  an 
efficiency  of  94.69  is  Impressive  for  a  15-lb  motor  firing. 

(C)  The  results  demonstrate  that  very  high  efficiencies  are 

achievable  from  AIH3  propellants  through  the  use  of  a  DOMINO  binder;  thus, 
the  NF  ingredients  increase  the  efficiency  of  Alt^-fuelcd  propellants  as 
well  as  Al*fueled  propellants.  A  comparison  of  the  Impulse  efficiency  of 
aluminum  versus  AIU3  propellants  1h  shown  in  Figure  33  in  which  the  effect 
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Figure  26.  Strand  Data  of  VKl'  Propellant 
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lg'ire  28.  5-Lb  Motor  Filing  of  VKU ,  Firing  No.  DOM- 5 
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Figure  33.  Mass  Flow  Bate  Versus  Specific  Impulse  Efficiency 
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(C)  of  mass  flow  rate  on  impulse  efficiency  is  given  for  both  fuels.  The 
data  for  aluminized  propellant  is  taken  from  Rohm  U  Haas  reports  for  their 
well  characterized  RH-U-105  propellant.  At  higher  flow  rates  the  two  fuels 
give  the  same  efficiency,  whereas  at  lower  flow  rates  the  AIH3  propellants 
may  be  less  efficient  which  could  be  caused  by  combustion  losses  at  the 
shorter  residence  times. 


TABLE  LIV 

SUMMARY  OF  MOTOR  FIRINGS 


Propellant  Type 

VKU 

VKW 

Theoretical  Performance 

Isp  (1000/14.7 

285 

283 

t,  (lb/ln.3) 

0.0607 

0.0612 

Tc  (°K) 

3410 

3392 

Oxidation  Ratio 

1.24 

1.32 

Weight  7,  Condensibi 

27.2 

23.1 

Delivered  Performance 

Isps*  Effic  fpncj 

20-gra  motor 

238/83.5 

242/85.5 

5- lb  motor 

265.3/93.3 

265.3/94.0 

to -lb  motor 

-- 

267. 0/94. t 

★ 

15  degree  half  angle 
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TABLE  LV 

MOTOR  FIRING  DETAILS 


Fcrmulatlon 

VKU 

VKU 

VKW 

VKW 

VKW 

Motor  Design 

5PC 

5PC 

5  PC 

5  PC 

15PC 

Firing  Date 

11/14/69 

11/14/69 

11/14/69 

11/14/69 

12/8/69 

Grain  No, 

S  -823AH-1 

S-828AL-2 

S-829AH-1 

S-829AH-2 

S-237AH 

Firing  No. 

DOM-5 

DOM-6 

DOM-7 

DOM-8 

DOM- 10 

Propellant  Wt 

5.260 

5.42 

5.28 

5.51 

15.05 

K-S/Ac 

57.38 

58.94 

72.68 

75.91 

75.55 

t  -sec 
a 

0.719 

0.697 

0.761 

0.723 

0.874 

tb-eec 

0.679 

0.651 

0.732 

0.697 

0,604 

Pa-p8la 

780 

826 

948 

1042 

921 

Pb-psia 

804 

856 

968 

1063 

958 

Pmax-psia 

864 

910 

1034 

U37 

101 1 

Parnb-psla 

12.44 

12.41 

12.44 

1 

12.57 

12.23 

r-tn.  /s-.'= 

1.385 

1.461 

1.287 

1.361 

1.249 

m- lb/ sec 

7.32 

7.78 

6.94 

7.62 

17.23 

.  -t 

C , -sec 
u 

0.00581 

0.00582 

0.00533 

0.00578 

0  00579 

t  -A  /A 
e  t 

5.303 

5.293 

6.771 

6.733 

8.774 

F  -lb, 
a  £ 

1833 

2010 

1839  ! 

2019 

4621 

Isp  del.-lbf-sec 

257.6 

258.8 

265.4 

265.2 

218 . 7 

lbm 

Theoretical  Isp  at 
Firing  Conditions 

276.32 

277.25 

281.61 

282.90 

| 

284.12 

Efficiency,  Eff 

93.23 

93.35 

94.24 

93.74  I 

94.57 

T  15 

l9piooo 

265.1 

265,5 

266.0 

264.6 

267.0 
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SECTION  V 

SHELF  LIFE  STUDIES 


A.  STABILITY  TESTING 

(C)  Testing  of  the  stability  of  n-BA-treatud  AlH^  was  performed  in  both 
EAAA  and  R-18  TVOPA  plasticized  binders.  Results  of  this  „esting  is 
summarized  in  Figure  34  and  compared  to  the  stability  of  AlH-j  in  the  P-BEP 
binder.  As  shown,  the  stability  of  AIH3  in  all  three  binder  systems  appears 
io  be  approximately  the  same  with  times  required  to  reach  0.1  percent  AIH3 
decomposition  varying  from  8  to  11  days, 

(C)  Additional  studies  were  also  conducted  to  compare  the  14-day/60°  C 
n-BA  treatment  cycle  with  a  5-day/'8Q°  C  treatment  cycle  recently  recommended 
by  Dow  Chemical.  The  new  procedure  consisted  of  refluxing  the  n-BA  (78°  C) 
for  5  days  followed  by  the  normal  washing  procedure  and  then  drying  for  3  hr 
at  60°  C  rather  than  the  1  hr  at  100°  C  which  was  used  in  the  old  procedure. 

A  comparison  of  the  resultant  AIH3  from  the  new  procedure  by  off-gas  analysis 
indicated  that  no  improvement  of  the  stability  in  VKW  propellant  was 
achieved  over  the  passivation  procedure  used  previously.  (See  Figure  35.) 
However,  this  treatment  has  a  definite  advantage  in  the  shorter  cyclt 
required. 

(C)  It  should  be  noted  that  during  the  course  of  rhe  n-BA  treatment  of 
one  7.5-lb  batch  of  AIH3  an  incident  occurred  which  resulted  in  the  loss 
of  the  complete  batch.  This  was  the  standard  14-day /6G°  C  cycle  which  had 
been  repeated  without  incident  several  times.  Passivation  appeared  normal 
for  the  first  13  clays.  However,  when  inspected  on  the  14th  day  it  was 
obvious  that  an  abnormal  reaction  had  occurred.  The  temperature  had 
increased  to  75  C,  the  level  '£  the  hydride  had  risen  approximately  1-1/2 
in.  in  the  flask,  and  the  top  portion  of  the  hydride  was  dry  and  caked. 

In  fact,  the  top  part  of  Che  hydride  had  a  polymeric  texture,  being  hard 
and  rubbery.  The  odor  of  n-BA  was  evident  in  the  room. 

(U)  In  searching  for  a  solvent  to  quench  the  hydride  it  was  found  thac 
the  resulting  mixture  was  extremely  reactive.  Small  samples  reacted 
violently  when  added  to  acetone,  n-BA,  nr  Freon  MF.  It  was  also  noted 
that  the  teflon  stirring  blades  were  distorted,  as  if  portly  melted.  The 
mixture  was  finally  covered  with  heptane  and  safely  disposed  of  in  the 
burning  grounds, 

(C)  One  possible  explanation  for  this  Incidenr.  is  that  the  water  in  the 
n-BA  could  have  been  used  up  during  treatment  thus  causing  a  reaction 
between  the  AlH^  and  n-BA  to  begin.  This  could  have  produced  sufficient 
heat  to  drive  the  remaining  :.-BA  through  the  condenser  thus  causing  the 
odor  in  the  room.  Analysis  of  the  top  (polymeric)  portion  of  die  AIH3 
revealed  that  it  contained  12.7  percent  carbon  and  2.7  percent  nitrogen. 
Extraction  with  methylene  chloride  revealed  that  part  of  the  organic 
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Figure  34.  Comparison  of  AIHj  Poeonpositlon  in  Various  Propel lun.a  at  60' 
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(C)  portion  is  diphenyl  acetylene  thus  .lccounttng  lot  the  disparity  between 
the  nitrogen  and  carbon  analysis  from  that  expected  tor  n-bA.  The  remainder 
is  believed  to  be  a  reaction  product  ol  AIH3  with  n-BA  In  which  the  amine 
hydrogen  reacts  with  AIH3  or  with  nascent  A1  forming  an  H  compound, 

Al:M(C4H9) 

(U)  Two  additional  7.5-lb  batches  of  the  AIH3  blind  were  treated  u3ing  the 
14  day/60°  C  n-BA  treatment  in  which  the  n-RA  level  was  doubled.  The  water 
level  was  monitored  throughout  the  passivations  using  two  analytical  tech¬ 
niques,  Both  the  Karl  Fischer  method  and  a  gas  chromacographic  method  for 
water  analysis  (Table  LVI)  were  used  to  analyze  the  water.  The  two  methods 
agreed  closely,  showing  that  the  water  level  gradually  lowered  until  a  water 
content  of  approximately  0.79  was  reached  at  the  end  of  treatment. 

(U)  The  above  Incident  points  out  that  the  AIH3  water  hydrolysis  treatments 
are  not  only  sensitive  to  process  variations  hut  to  lot-to-lot  (probably 
Initial,  stability)  variations  as  well. 

B.  SHELF  LIFE  TESTING 

(C)  To  obtain  a  preliminary  assessment  of  the  shelf  life  of  the  R-18/ 
TVOPA/'AJ'U  propellant,  cracking  cubes  of  various  sizes  were  made  from  the 
first  70-lb  Day  mix  of  VKU  propellant..  These  cubes  were  tested  at  40°, 

50  ,  60  ,  and  75  C.  Cubes  of  VKU  propellant  were  alto  made  In  the  1-plnt 
Baker-Perkins  mixer  and  tested  at  60  and  40°  C,  To  support  this  analysis, 
off-gas  data  were  obtained  from  propellant  obtained  in  the  70-lb  mix. 

Results  of  the  cube  fiasurlng  tests  are  presented  in  Table  LVII  and  the 
off-gas  data  arc  shown  in  Figure  36  The  cracking  cubes  from  VKU ,  which 
were  made  prior  tc  the  cure  difficulties  that  were  encountered  Jurlni  the 
acaleup  portion  of  clils  program  (Section  IV)  lasted  much  longer  (35  to  u2 
days  at  60  C)  than  could  be  predicted  from  hydrogen  off-gas  measurements . 
Cubes  with  purified  tv OPA  lasted  longer  than  aa  received,  probably  due  to 
the  higher  modulus  of  purified  TVOPA  propellants.  Based  on  these  results, 
most  cubes  from  VKV  were  tested  at  ACT  C  to  give  data  within  a  reasonable 
time  period.  Unfortunately,  VKU  cubes  had  a  much  shorter  life  ( «.  5  days 
at  60  ’  and  76  to  90  days  it  40°  C)  than  VKU  cube;*,  limiting  the  useful¬ 
ness  of  the  results.  The  ofl-gus  data  obtained  from  the  VKU  samples 
indicate  that  these  cubes  failed  at  60  and  40  C  due  to  COy  evolution 
rather  than  hydro), ei:.  As  previously  discussed,  propellant  from  this  mix 
cured  somewhat  sliwer  ch.  n  previous  mixes.  These  esults,  coupled  with  the 
soft  tu' v  obtafnei  on  the  second  large  nix,  indicated  the  necessity  lor 
purifying  the  TVOl'A  to  obtain  a  clear,  and  consistent  cure.  Further  shelf 
life  st  'dies  r.hou  d  be  b-  sed  uri  the  use  ol  the  purified  TVOPi  to  obti  in  as 
clean  and  rt.produi  lbli:  cure  as  possible  prior  to  placing  samples  Into 
aurve il lance . 

(U)  A  >-gal  mix  1  as  made  to  obtain  larger  surveillance  samples  using 
purified  TVOl'A,  I  ue  to  an  error  during  casting,  no  usable  samples  wire 
obtained.  By  the  time  this  mix  could  be  repeated,  interest  in  surveillance 
of  this  propellant  was  reduced;  therefore,  a  40-lb  grain  was  made  of  a 
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TABLE  LV1 

MOISTURE  ANALYSIS  DURING  PASSIVATION 


First  Batch 

Water  Content,  7. 

<.*BA  Lots  101  and  102 

Karl  Fischer 

Gas  ChromatOKrap  . 

0 

1.70 

1.50 

3  days 

1.19 

0.78 

6 

-- 

1. 13 

10 

1. 1C 

0.82 

14 

0.64 

Second  Batch 

n -BA  Lots  103  and  104 

r* 

-- 

2.00 

4 

1.10 

0.91 

7 

1.02 

0.68 

11 

0.84 

0.73 

13 

0.72 

0.68 

1 

i 

1 
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12b 


CM&B6aHAl 
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F 1  mire  36.  Cas  Evolve!  flew.  VKV  Propellant  Durinx  Storafie  jl  40  aoJ  60 
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(U)  propellant  (VTIL)  developed  on  the  follow-on  Contract  F04611-700-006? . 
This  grain  will  bo  fired  on  the  follow-on  contract. 

C.  SHELF  LIFE  PREDICTIONS 

(C)  Although  a  rep'oducible  scaleup  cure  was  later  demonstrated  with  the 
use  of  purified  TVOt'A,  sufficient  time  u  is  not  available  to  evaluate  the 
shelf  life  of  propellant  made  by  this  process.  Until  this  can  be  done, 
rigorous  shelf  life  predictions  should  not  be  made.  However,  an  estimate 
of  the  contribution  of  AIH3  decomposition  to  shelf  life  tin  be  made.  To 
make  this  estimate,  a  limited  study  of  the  kinetic:,  of  the  decomposition 
of  AIH3  was  performed. 

(C)  Based  on  the  success  that  Dow  Chemical  reported  in  applying  the 
Avrami  equation,-  kt  »  In  (l-a)^~,  where  a  -  fraction  decomposed  - 
to  the  decomposition  of  r.eat  AIH3.  the  decompos i t ion  of  AIH3  in  propellant 
was  analyzed  using  the  sane  approach. 

(C)  The  results  shown  in  Figure  37  were  taken  from  the  decomposition  of 
AIH3  at  60°  and  40°  C  in  the  i<-13/TVOPA  propellort  and  indicate  tair  agree¬ 
ment  with  this  equation.  Calculation  o£  the  acLivation  energy  from  ibis 
data  using  the  Arrhenuis  equation  gave  the  following  results: 

Neat  AlH^  (n-BA  treated)  19k  c.'  1/mol 

VKU  17K  cal /mol 

TO'  22k  c al /mol 

(U)  Dow  Chemical  reported  an  average  activation  energy  of  23K.  cal/nol. 

Using  the  rate  constants  calculated  from  Cue  above  data,  a  ratio  of  reirrivi- 
ties  of  the  propellants  at  various  temperatures  can  be  calculated.  The 
ratios  are  39  follows; 

o0°  C  -  40°  C  -  8 
60'  C  -  25°  C  -  48 
40°  C  -  25°  C  -  6 

(C)  These  raci03  can  be  used  to  predict  fissunng  times  of  cracking  cube' 
at  low  temperatures  from  higher  temperature  results,  giving  a  conservative 
estimate  since  dlffusicnal  losses  are  neglected.  Applying  these  ratios  to 
the  results  from  1  he  VKU  cubes  (which  failed  from  generation)  a  f  .ssur- 
ing  Ilf'  of  between  280  and  336  days  at  40°  C  and  between  1680  and  2000 
days  or  approxima; ?ly  5  yr  at  25  C  is  predicted  for  2-ln.  cubes.  The  fact 
that  the  40°  C  cubes  of  VKU  have  not  failed  in  140  days  lends  support  to 
this  prediction  scheme.  Since  initial  diffusion  from  the  2-ln.  VKU  cubes 
was  ign>red,  this  estimate  cannot  be  applied  directly  to  larger  samp.es. 

In  addition,  the  contribution  of  other  gases  has  not  been  rigorously  con¬ 
sidered.  However,  these  results  do  indicate  thac  long  shelf  life  can  be 
projected  for  AlHg  propel.lants  in  thin  webs.  For  larger  samples,  sone 
additional  improvements  in  stability  or  the  use  of  a  scavenger  techniaue 
appear  necessary. 
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D.  SHELF  LITE  PRELICT'.ON  OF  BATES  ’lOTOR 

(C)  An  analysis  of  the  properties  of  the  VXW  propellant  was  made  and  a 
prediction  of  its  shelf  life  in  a  70-lb  Rates  motor  has  been  made.  Two 
Major  sources  of  gas  exisc  in  VKW  propellant.  AlHj  slowly  decomposes  to 
release  hydrogen,  and  carbon  dioxide  is  released  from  the  isocyanate  during 
cure.  Small  amounts  of  CO2  also  may  evolve  from  the  reaction  of  TVOFA 
impurities  with  traces  of  water.  The  rate  of  relecse  of  these  gases  has 
been  measured  in  the  off-gas  analyzer.  The  solubility  and  diffusion  ;ate 
of  these  gases  has  also  been  measured  in  the  propellant  binder.  This 
data  permitted  the  calc  :iation  of  the  gas  concentration  in  the  propellant 
at  any  time  by  comparing  the  gas  generation  rate  versus  the  diffusion  rate. 

(U)  The  70-lb  Bates  rocket  motor  grain  .onf iguration  is  shown  in  Figure  33. 
The  Bates  grain  has  a  free  surface  at  both  the  inner  bore  and  cylinder  Linis. 
The  grain  also  has  a  slight  taper.  Cas  diffusion  out  of  the  Bates  grain  Is, 
therefore,  two-dimensional. 

(U)  Hydrogen  and  carbon  dioxide  gas  co  ce.itrat  ions  In  the  Bates  grain  for 
a  constant  gas  generation  rate  were  calculated  ul‘h  the  Hercules  HETRAN 
computer  program.  Th'i  program  numerically  solves  the  diffusion  equation. 
The  location  in  the  B^tes  grain  (Figure  38).  having  the  maximum  cas  concen¬ 
tration,  was  then  determined.  ihe  gas  concentrations  as  a  function  of  time 
at  this  location  (for  a  constant  gas  generation  rate),  along  with  the  actual 
t lme -dependent  gas  generation  rate,  were  used  in  the  Hercules  Linear 
Response  computer  program.  Numerically  evaluating  the  convo  lut  Iona  l 
integral,  this  progr.u  calculated  the  gas  concentrations  in  C".e  Bates  grain 
(or  th.  locatin'-  shown  in  Figure  38)  for  the  t  lme-di-pcrdunt  gas  general  ion 
rates . 

(U)  The  diffusion  calculations  were  all  made  with  the  assumptions  that  trie 
gas  concentration  ac  the  grain-free  surface  is  vffectively  zero  and  that 
the  motor  case  is  impermeable  to  hydrogen.  These  are  reasonably  good 
asaumpt ions . 

(U)  The  grain  internal  pressure  (pressure  exerted  by  the  dissolved  gas) 
was  calculated  from  Henry's  Law: 

„  gas  concentrat ion 

Pressure  -  a - - ;  — ,  - n - 

gas  solubility  at  1  atm 

This  pressure  was  then  compared  with  the  allowable  pressure  calculated  from 
the  following  equation: 

P  allowable  ■ 

where 

E  is  the  propellant  modulus 
*  is  .he  propellant  elongation 


I 
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(U)  The  amounts  of  hydrogen  and  carbon  dioxide  gas  evolved  at  storage 
temperatures  of  40  and  60  C  are  given  in  Figure  36.  These  curves  of  total 
evolved  gas  versus  storage  time  were  numerically  differentiated  to  give  the 
instantaneous  gas  evolution  rates  at  40  and  60  C.  These  were  then  extra¬ 
polated  to  obtain  the  gas  generation  rates  at  25  C.  The  extrapolation  was 
performed  by  plotting  the  logarithm  of  the  gas  generation  rate  against  the 
absolute  temperature.  The  resulting  gas  generation  rates  at  2S  C  for  hydro¬ 
gen  and  carbon  dioxide  are  given  in  Figures  39  and  40,  respectively. 

(1))  The  dlffusivity  and  solubility  data  for  hydrogen  and  carbon  dioxide 
in  VKW  propellant  at  25  C  are  presented  in  Taole  LVIII,  The  mechanical 
property  data  for  VKW  propellant  are  summarized  in  Table  LL\. 

(C)  The  hydrogen  gas  concentration  in  the  70-lb  Bates  motor  as  a  function 
of  time  at  25  C  is  given  in  Figure  41.  The  maxinum  gas  concent^at ion 
occurs  ai  18-days  storage  time.  This  is  approximately  5  days  after  the 
evolution  of  hydrogen  was  assumed  to  begin.  The  maximum  hydrogen  concen¬ 
tration  reaches  2.7  x  10"^  cc  (STP)  per  gram  propellant. 

(C)  The  carbon  dioxide  concentration  in  the  7C-lb  Bates  motor  at  25 '  C  as 
a  function  of  time  is  given  in  Figure  42.  The  maximum  carbon  dioxide 
concentration  of  0.127  cc  (STP)  per  gram  propellant  occurs  at  4  days 
storage  time. 

(C)  The  internal  pressure  in  the  Bates  motor  resulting  from  each  evolved 
pis  was  calculated  using  Henry's  Law.  The  total  internal  pressure  as  a 
function  of  storage  time  at  25  C  is  presented  in  Figure  43.  The  maximum 
internal  pressure  of  6.6  atm  at  4  days  is  caused  entirely  by  the  evolved 
carbon  dioxide.  The  pressure  developed  by  the  evolved  hydrogen  is  negligi¬ 
ble  in  comparison  to  the  carbon  dioxide  pressure.  The  maximum  hydrogen 
pressure  is  0.2  atm  at  18  days  storage  time. 

(C)  The  maximum  allowable  pressure  based  on  the  6  day  mechanical  property 
measurements  Is  7.55  atm.  Since  the  maximum  internal  pressure,  6.t>  atm, 

Is  less  than  the  allowable  pressure,  the  Bates  motor  grain  will  not  crack. 

(C)  The  maximum  internal  pressure  in  the  Bates  grain  occurs  at  4  days 
storage  time  and  is  due  primarily  to  evolved  carbon  dioxide.  This  maximum 
internal  pressure  is  slightly  less  than  the  maximum  allowable  internal 
pressure,  but  uncertainties  in  the  data  used  make  the  structural  integrity 
of  the  grain  marjinal.  Softening  of  the  propellant  or  slow  cere  resulting 
in  a  Low  modulus  after  4  oays  would  be  expected  to  result  in  porosity. 

(C)  The  pressur  .  -vaulting  from  the  evolved  hydrogen  is  negligible  in 
comparison  to  the  carbon  dioxide  presrure.  The  evolved  hydrogen  does  not 
affect  the  grain  structural  integrity.  Unfortunately ,  the  gas  generation 
rate  measurements  could  noc  be  carried  out  long  enough  co  see  the  acceler¬ 
ating  rate  that  i -  normally  seen  in  Alli^  decompositions.  Therefore,  the 
conclusion  can  be  made  chat  if  the  propellant  survives  the  first  week  it 
will  not  fail  until  the  hydrogen  generation  becones  accelerating  or  the 
propellant  softens  significantly  due  co  binder  degradation. 
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TABLE  LVIII 

DIFFUSIVITY  AND  SOLUBILITY  DATA 
AND  CO,  IN  VKW  PROPELLANT  AT  25°  C 


Cas 

Diffusivitv 

Solubilltv 

(cm^/sec) 

(cc /g  -binder) 

Hydrogen 

2.2  x  I0*5 

4.4  x  1G*3 

Carbon  Dioxide 

i . o  x  10  3 

64.0  x  10'3 
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VKW  PROPELLANT  mechanical  properties 


(Batch 

BC-138-57) 

Maximum 

Elongation 

Cure  Tine  at 

Cros  shead 

Tensile 

ac  Max 

Tens  lie 

100°  F 

Speed 

Temp 

(**F) 

S  trength 

Stress 

Modulus 

(days; 

( in. /'in) 

(psi) 

('■) 

(?si) 

6 

2 

77 

67 

31 

°?0 

120 

2 

77 

S3 

23 

•  30 

120 

0.02 

77 

54 

23 

260 

JANNAF  tensile  specimens  were  used. 
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Figure  40.  Carbon  Dioxide  Generation  Rate  In  VW  Propellant  et  25  C 
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SECTION  VI 

CONCLUSIONS  AIT)  RECOMMENDATIONS 

(C)  The  following  conclusions  have  been  reached  from  the  results  of  this 
program: 

(1)  Hydroxyl  ammonium  perchlorate  (HAP)  is  not  usable  with  the 
DOJTNO  binder  due  to  poor  stability. 

(2)  The  P-BEP-TVOPA  binder  has  a  very  short  shelf  life  and  it  does 
not  give  any  performance  advantages  over  the  highly  plasticized 
low  energy  polymers  which  are  more  easily  developed. 

(3)  Two  alternate  binders  gave  promising  results: 

(.’)  EAAA  needs  a  lower  temperature  cure  to  be  usable  with 

aih3. 

(b)  Multron  R-18  gives  a  good  low  temperature  cure  and  mechan¬ 
ical  properties,  especially  when  the  TVOPA  is  purified  to 
remove  the  isocyanate  reactive  impurity. 

(4)  DOMINO/AIH3  propellants  give  the  same  high  impulse  efficiency  as 
the  DOMINO/Al  propellants.  In  a  13 -pound  motor  the  TVOPA/R-18/ 

AIHj/AP/HMX  propellant  gave  an  Impulse  (I^qq)  267  sec  and 
an  impulse  efficiency  of  94.5  percent. 

(5)  Small  web  motors  (1  inch)  would  be  expected  to  survive  5  years 
at  25°  C  if  they  survive  cure.  However,  increased  stability  of 
the  AlH^  or  the  use  of  stabilizers  or  scavengers  will  be  needed 
for  larger  web  motors. 

(6)  A  repid  low  temperature  cure  is  required  to  prevent  porosity 
formation  from  CO2  gassing  during  cure. 

(7)  Removal  of  the  HMX  and  lowering  the  TVOPA/polymer  ratio  (VML  vs 
VKW)  did  not  markedly  reduce  the  sensitivity  of  the  uncured 
propellant.  Thus  the  TVOPA/AIH3  propellants  remain  much  more 
sensitive  to  initiation  by  impact  and  friction  than  conventional 
non-AlH3  propellants. 

(C)  The  following  areas  for  further  investigations  are  recommended: 

(1)  An  extensive  binder  comparison  should  be  made  to  compare  the 
EAAA  binder  with  R-18  in  a  TVOPA/AIH3  propellant.  The  EAAA 
binder  requires  a  low  temperature  cure  catalyst.  The  R-18  binder 
requires  optimization  of  the  cure  stoichiometry  and  mechanical 
properties . 
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(C)  (2)  In-process  and  in-use  studies  should  be  made  to  determine  the 

safety  margins  involved  with  scaling  this  propellant  to  large 
motors.  Efforts  to  reduce  these  hazards  should  be  studied  both 
by  reducing  the  sensitivity  of  the  propellant  and  also  by  modi¬ 
fying  the  processing  procedures  to  ensure  larger  safety  margins. 

(3)  Means  should  be  sought  to  increase  the  shelf  life  of  the  AIH3 
propellant  by  increasing  the  stability  of  the  neat  AIH3  and 
through  the  use  of  stabilizers  and/or  scavengers  in  the  propel¬ 
lant. 

(A)  Extensive  accelerated  aging  studies  should  be  made  to  determine 
the  effect  of  processing  conditions  on  shelf  life. 

(5)  The  effect  of  compositional  changes  on  ballistic  and  mechanical 
properties  should  be  determined  and  the  TVOPA/AIH3  propellant 
should  be  scaled  up  to  40-pound  motor  firings  to  determine  the 
impulse  efficiency. 

(U)  Each  of  these  recommendations  have  be  :n  carried  out  in  other  Air  Force 
sponsored  programs. 

(C)  Based  on  this  program  and  related  Air  Force  sponsored  programs  by 
Hercules,^  DOW, 10  LPC,H>^  Rocketdyne ,  13  and  ARC  1*  it  is  concluded  that 
the  AIH3  based  propeLlants  are  inherently  sensitive  and  subject  to  poor 
shelf  life  due  to  the  basic  nature  of  the  AlH-j  itself. 

(C)  Extensive  studies  to  determine  the  fundamental  reasons  for  the  extreme 
sensitivity  of  AIH3  containing  compositions  were  not  encouraging.  Attempts 
to  reduce  the  sensitivity  of  A1H,  propellants  bv  lowering  the  energy  or  by 
incorporating  additives  were  equally  discouraging.  It  is  believed  that  the 
extreme  sensitivity  of  AIH3  propellants  Is  an  inherent  property  which  must 
be  accepted  when  working  with  these  propellants.  Process  procedures,  such 
as  the  inert  diluert  developed  in  this  program,  reduce  the  In-process 
hazards.  However,  the  system  must  still  be  considered  a  high  risk  propel¬ 
lant  during  processing.  After  cure  the  propellant  Is  less  sensitive  than  in 
the  uncured  state,  but  even  when  cured,  the  propellant  is  Initiated  by  impact 
and  frictional  forcer  more  easily  than  non-AlH3  containing  propellants. 

(C)  The  shelf  life  of  AIH3  propellants  also  continues  to  be  a  proDlera  area. 
Efforts  to  passivate  the  surface  of  A’H3  have  Improved  the  stability 
markedly,  but  the  improvement  was  not  sufficient  to  predict  long  shelf  life 
for  large  web  motors.  Scavengers  have  t>een  demonstrated  that  will  effec¬ 
tively  remove  the  hydrogen  as  it  is  produced  from  the  decomposition  of  AIH3, 
but  the  scavengers  degrade  the  binder  thus  negating  their  potential  advan¬ 
tage. 
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(C)  The  TVOPA-AlH^  propellants  have  a  relatively  high  burn  rate  which 
limits  their  potential  use  in  ballistic  missiles.  The  burn  rate  can  be 
lowered  by  adding  Hhtt  and/or  by  lowering  the  TVOPA  level,  but  burn  rates 
normallv  desired  in  ballistic  missiles  have  yet  to  be  demonstrated.  If 
the  TVOPA-AIH3  propellants  are  to  be  considered  for  future  Air  Force 
missions,  which  nay  reqi  ire  their  high  impulse  performance,  the  burr  rate 
must  bo  reduced,  along  with  improvement  in  the  process  hazards  and  the 
shelf  life. 
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A .  Hr  REACTIONS 

(J)  Work  under  this  effort  had  show  that  "os  received"  P-EEP  contained 
a  volatile  fluorine  compound,  most  probably  HF .  A  strong  acid  such  cs  KF 
could  be  detrimental  to  a  urethane  cure  In  several  ways;  lc  could  react 
directly  with  Isocyanate  to  either  deplete  it  o.-  to  fom  more  or  less 
reactive  intermediates,  and  KF  could  react  with  the  catalyst.  Since 
previous  P-BEP  formulation  efforts  have  been  hampered  by  incomplete  pro¬ 
pellant  cures,  a  study  was  performed  to  determine  the  effects  of  HF  on 
propellant  curatives  and  catalysts. 


(\ 


A  -  2 


i  .  Reaction  of  HF  with  Isocyanates  (BC-153-h3) 

(U'.  Hydrogen  fluoride  could  r.act  in  a  variety  of  ways 

with  isocyanates.  Some  workers-  thought  the  following  scries  of  reactions 
was  possible; 

H  0 

(1)  RN  ■  C  -  0  +  HF - »-RNC  -  F 

1!  0 

(2 >  RNC  F  +  HF  -  - -  rnh2  +  cOF2  | 

H  H 

(33  RNH,  +  RN  -  C  -  0 - — RN  -  C  -  NR 

i  II 

0 


(U)  Thus,  isocyanate  would  react  with  HF  in  much  the  same 

manner  as  water,  undergoing  a  loss  of  a  carbonyl  group  wii.li  the  eventual 
formation  of  a  substituted  urea.  This  above  postulation  conflicted  with 
an  earlier  report  of  ’.luck ley,  et.sl.^  who  r<  acted  a  variety  of  isocyanates, 
including  aromatic  di i socy ar atea  with  excess  Hr  to  obtain  In  every  case 
the  carbanyl  fluorld?  derivatives  of  the  respective  isocyanates.  To  check 
this,  2,4-toluena  diisocyanate  was  reacted  with  an  excess  of  HF.  The 
reaction  was  carried  out  at  room  temperature  by  bubbling  anhvdrous  HF 
into  a  stirring  methylene  chloride  solution  of  TDI ,  Midway  through  the 
renrrion  (with  respect  to  bubbling  time)  a  white  precipitate  began  to 
appear.  Once  formed,  the  precipitate  w.u  filtered  and  washed.  The  spectrum 
of  this  corapouno  was  obtaired  and  is  presented  m  Ftgjre  A-i.  In  thi «  scan 
the  Isocyanate  functionality  at  22fcC  cm'1  virtually  disappeared  with  the 
formation  of  a  new  band  near  1810  cm"\  This  compound  was  base-hydrolyzed 
and  analyzed  tor  percenc  fluorine  by  the  lanthanum  (III)  titration.  The 
analysis  Indicated  that  this  compound  was  composed  of  17  percent  fluorine 
which  compares  favorably  with  the  following  compound; 


CH3 


(U)  This  compound,  2  ,(*  -  to  luene  d'carbamyl  fluoride, 
melting  point  of  155  to  157  C.  The  compound  was  sparingly  soluble 
benzer.e  and  soluble  in  Jloxane  as  reported  for  similar  compounds  by 
et .  al .  ® 


had  a 

in 

Buckley , 


1  and  2 
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Figure  A-l.  Intrartii  Scan  of  2,4  Toluene  Ditarbamyl 
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(U)  The  mono -carbamyl  fluoride  was  also  prepared  for  fur- 

tiiwi  reaction  studies.  This  compound  was  somewhat  less  pure,  havir.s  a 
melting  point  range  of  109°  to  118°  C.  The  IR  speccrum  of  this  compound 
(Figure  A-2)  displayed  major  absorbances  at  2258  and  1810  cm'1,  indicating 
the  presence  of  both  isocyanate  and  carbamyl  fluoride  with  probably  both 
ortho  and  para  isomers  being  presenc. 


(U)  From  these  preparations,  it  Is  felt  that  only  reaction 

l  above,  occurs  in  an  anhydrous  HF  system. 


(C)  The  carbamyl  fluoride  absorbance  at  1810  cm  was  used 

diagnostically  in  further  HF-urethane  cure  studies  to  determine  the  presence 
or  absence  of  that  fun  Monal  group.  Reaeonable  quantities  of  HF  (such  as 
would  be  expected  unde  normal  P-BLP -ure thane  cures)  were  added  to  uncata- 
lyted  TDI-polypropvleneglycol  (FPG-2025)  systems  directly  and  in  methylene 
chloride.  The  carbamyl  fluoride  absorbance  was  not  observed  in  measurable 
amounts  in  any  of  these  systems  even  after  extended  exposures. 


(U)  Although  the  carbamyl  fluoride  functionality  was  not 

observed  in  the  above  reactions,  a  possibility  existed  in  which  che  carbamyl 
fluoride  could  be  an  unstable  intermediate.  Thus,  at  any  one  time  during 
a  reaction,  the  carbamyl  fluoride  functional  group  could  form  and  react 
rapidly  enough  to  produce  virtually  no  characteristic  IR  absorbance.  To 
check  this,  an  attempt  was  made  to  react  the  prepared  derivatives  with 
PPG -2025  and  glycerol  systems.  The  carbamyl  fluoride  functional  groups 
did  not  react  at  all  with  the  hydroxyl  groups  of  these  alcohols.  Only  in 
one  case  where  dimethyl  sulfoxide  (DMSO)  was  used  as  a  solvent  did  we  find 
the  carbamyl  fluoride  group  to  react.  The  DMSO  woa  later  found  to  decom¬ 
pose  the  carbamyl  fluoride  to  the  parent  functional  groups,  expelling  HF 
and  producing  NCO. 

(C)  Thus,  these  studies  Indicated  that  although  excess 

quantities  of  HF  did  react  with  isocyanates  to  produce  carbamyl  fluorides, 
Smaller  concentrations  of  HF  would  not  react  at  all.  This  was  especially 
true  for  the  amounts  of  hydrogen  fluoride  detected  to  date  in  P-BEP  systems. 
In  one  diagnostic  experiment,  small  quantities  of  Hr  were  added  to  several 
uncatalyzed  curing  urethane  reactions.  Although  the  presence  of  HF  was 
detected  in  IR  spectra,  no  noticeable  effects  of  HF  v  re  observed  in  either 
the  spectra  or  in  the  reaction  rates  of  the  systems,  similar  reactions, 
carried  out  in  methylene  chloride,  produced  the  same  results. 

(U)  To  check  the  effect  of  catalysis  on  the  possible 

1 socyanate-HF  reaction,  four  reactions  were  carried  out  over  a  5-hr  period 
at  80°  C  in  the  following  manner: 

(C)  A  TPMTI -methylene  chloride  solution  was  prepared  such 

that  1  mm  contained  8  meq/tnl  of  NCO.  This  concentration  was  amenable  to 
an  IR  measurement  of  the  NCO  absorbance  of  2266  cm"-  without  dilution.  An 
HF-mefhy lene  chloride  solution  was  prepared  containing  0.010  meq  HF/ml  and. 
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(C)  where  indicated,  DMTDC  catalyst  was  added  in  equivalent  concentrations 


to  previously-described  gumstock  systems 

The  followi 

ng  mixtures  were  pre- 

pared: 

TPMTI  Solution 

CKiC  1 

hf-ch2ci. 

(CH3)2  EnCl2  Catalyst 

Run 

Added 

AH-i,- 

Added 

Added 

1 

1  pert 

1  part 

_  _ 

2 

1  part 

1  pert 

•• 

Yes 

3 

1  parr 

-« 

1  part 

4 

1  part 

-- 

1  part 

Yes 

Infrared  isocyanate  measurements  over  a  5-hr  period  at  80°  C  indicated 
that  all  four  mixtures  contained  identical  NCO  concentrations  which  were 
equal  to  the  starting  concentration.  Thus,  it  appears  that  HF  in  dilute 
solutions  does  not  react  with  NCO  even  under  catalysis. 

2 .  Effect  of  HF  on  Reaclon  Rates  of  Uncatalvzed  and  Catalyzed 
Urethane  Cures 

(U)  To  determine  the  potential  of  HF  to  poison  urethane  catalysts, 

a  series  of  model  compound  studies  were  performed. 

(U)  The  first  system  to  be  studied  contained  0.1  percent  dibutyltin 

dilaurace  catalyst  In  1:1  equivalent  mixture  of  PPG-2025  and  TD1 .  This 
was  compared  to  a  similar  system  to  which  a  small  amount  of  gaseous  HF 
had  been  added.  A  white  precipitate  was  formed  in  the  system  containing 
UF .  The  mixture  containing  added  HF  cured  about  75  percent  slower  than 
the  control  sample  In  the  first,  hour.  This  mixture  remained  liquid  after 
18  hr  while  the  control  sample  was  cured  to  a  tacky  solid. 

(C)  The  above  experiment  along  with  propellant  cure  studies  indicated 

that  the  organo-tin  catalysts  were  being  deactivated  by  HF  in  the  P-I5EP. 

To  verify  the  possibility  of  this  reaction,  o  dilute  solution  of  HF  in 
methylene  chloride  was  prepared.  This  was  added  to  a  small  amount  of  the 
dibucylfn  dilaurate  catalyst.  A  white  precipitate  was  inrnediately  formed. 
This  mate  <al  wp3  purified  by  ether  washing  and  an  IR  scan  obtained.  (See 
Figure  A-  )  The  melting  point  of  this  solid  was  ld9°  U.  The  fluorine 
content  ot  impound  was  13.3  percent.  The  solid  wes  identified  as 

dibutyltin  o_  '■*  monohydrate.  A  similar  reaction  product  was  obtained 

from  dibutyltin  di-  te .  The  catalytic  strength  of  the  material  was 
expected  to  be  lower  .  '*»  the  original  catalyst  due  to  its  low  soli  oil  Ity 

(U)  To  verify  the  catalytic  effect  of  the  white  precipitate  formed 

by  the  addition  of  HF  to  the  dibutyltin  dilaurate  catalyst,  the  cure  rate 
with  this  material  was  determined  by  adding  an  amounc  equivalent  to  0.1 
percent  di’  *v]Mvi  dialaurate  to  the  system.  This  was  heated  to  50°  C 
and  the  isocyanate  reaction  rate  was  compared  to  a  PPG-2025-TDI  system 
containing  no  catalyst.  The  HF  reacted  catalyst  had  only  a  very  slight 
catalytic  effect  on  the  curing  of  the  PPG-2025-TD1  system. 
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Figure  n-j.  I,,fra.cd  S.Jn  of  Reaction  Product  of  DIbutyltin  Dllaurate 
and  HF  (BC-157-12) 
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.1.  --"fini,  the  suspected  catalyst  deactivation 

by  HF .  These  results  co'.p  led  with  the  neft - ve  n _  ""  .activity 

with  Isocyanates  and  results  of  the  stripping  study,  showing  the  difficulty 
in  removing  HF  from  P-BEP  indicated  a  primary  cause  for  P-BEP  cure  problems 
was  catalyst  deactivation  by  HF .  Scaleup  cure  problems  could  be  aggravated 
by  poorer  stripping  efficiency  a3  the  mix  sice  increases.  Possible  solu¬ 
tions  to  alleviate  this  problem  Included  better  stripping  efficiency,  HF 
scavengers,  and  alternate  catalyst  systems  not  susceptible  to  HF  attack. 

These  approaches  were  exp]  red  as  the  formulation  effort  progressed. 

(C)  The  first  approach  used  in  the  formulation  efforts  to  remedy 

the  HF-poiaonir.g  problem  consisted  of  using  chemically-loaded  molecular 
sieves  for  catslysis.  The  sieve  used  was  obtained  from  Linde,  a  subsidiary 
of  L'nion  Carbide,  under  the  designation  CW-X105  .  This  material  was  their 
13X  (1QA  pore  size)  sieve,  loaded  10  percent  with  dibutyltin  dilaurate. 

Linde^  reported  that  the  sieve  would  "store"  the  loaded  compound  until  the 
system  was  heaced  or  until  the  loaded  compound  was  replaced  by  a  more 
strongly-adsorbed  material  like  water  (and  HF)  .  Thus,  conceivably,  the 
use  of  this  type  of  catalys.  could  achieve  at  least  a  temporary  scrubbing 
effect  during  cure,  and  a  gradual  release  of  the  DETDL  as  water  and  HF  were 
adsorbed  would  mean  delayed  catalysis  and  a  longer  pot-life. 

(C)  To  study  the  catalyst  poisoning  reactions  in  more  detail,  an  1R 

technique  was  used  to  monitor  the  NCO  concentra c  lc*.  during  the  cure  of  the 
model  systems.  One-eo-one  mixtures  of  NCO  and  alcohol,  together  with  the 
appropriate  catalyst,  called  gumstock  preparations,  were  cured  at  120°  F. 
Intermittently,  samples  were  remove  ',  diluted  uith  1 ,2-dichloroethane  and 
placed  in  0.2mm  CaF2  cells.  The  NCO  absorbances  were  then  measured  at 
2268  cm*' .  The  resultant  data  were  treated  by  kinetics  as  second  order 
reactions.  Figure  A-4  presents  two  second  order  plots  of  2,4-toluenn 
diisocyanate  (TDI) /polypropylene  glycol-2025  (PPG)  reactions  ettalyzed  by  0.2 
percent  DBTDL  and  0.2  percent  CU-X105  (107,  in  DBTDL,  thus  adding  0.027.  DBTDL)  . 
Several  Interesting  facts  can  be  noted  from  these  curves.  The  0.27.  DB1DL 
reaction  clearly  demonstrated  the  reaction  of  both  ortho  and  para  isocyanate 
functional  groups  -  the  inicial  slope  resulting  from  the  reaction  of  both  - 
and  the  final  slope,  called  the  rate-determining  reaction,  that  of  the  ortho 
NCO.  The  slopes  of  these  leactions  are  actually  the  reaction  rate  constants  - 
the  initial  elope  being  the  summation  of  Kj  +  K2  ®nd  the  £in®L  slope  K2 .  In 
comparing  che  races  of  both  catalysts,  one  can  see  that  the  0.2  percent  CW-X105 
sieve  catalyzed  the  reaction  much  more  than  che  0.2  percent  DBTDL  alone,  despite 
the  fact  thac  Che  CW-X105  sieve  reaction  contained  only  one-tench  the  amount  of 
DBTDL  (the  sieve  by  itself  is  a  noncatalyst).  This  type  of  synergism  has  been 
noted  before  in  urethane  catalysis  by  Wolfe.-4  Also,  the  CU-X105  cure  showed  a 
significant  change  in  reaction  race  after  the  first  hour.  This  change  in  rate 
was  observed  in  all  catalyzed  systems  studied  and  was  verified  by  another 
reliable  a-alytical  technique.  Tentatively  we  attributed  chis  increase  in  race 
to  product  catalysis,  i.e  ,  the  urethane  formed  catalyzed  the  reaction  which 
ch.  nged  the  rate  as  the  product  increased  in  concentration.  This  topic  was 
recently  reviewed  hy  Smith.'1 
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Figure  A--*.  Catalysis  of  PPG/TDI  with  0.2%  Dibutylcln  Dilaurate  and 
0.2%  CW-XlCi  (Loaded  Sieve)  (D) 
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(C)  The  use  of  the  CU-X105  catalyst  throughout  most  of  the  1969  DOMINO 

program  provided  fair  propellant  cures.  The  exact  mechanism  of  the  catalysis 
was  open  to  conjecture.  Several  limited  data  points,  however,  indicated  that 
catalysis  might  actually  occur  on  the  loaded  sieve.  This  we  believe  because 
we  have  found  that  dibutyltin  compounds  will  actually  pull  fluoride  away  from 
molecular  sieve  to  form  the  insoluble  dibutyltin  diflucride  salt.  Also,  we 
have  found  that  HF  reacted  with  loaded  sieves  to  coat  the  sieve  particles  with 
a  white  precipitate.  Infrared  spectra  of  the  product  indicated  that  dibutyltin 
difluoride  was  present,  and  from  all  indications  still  on  the  molecular  sieve. 
Finally,  since  the  loaded  sieve  presented  a  synergistic  increase  in  reaction 
rate  a  release  mechanism  would  tend  to  show  an  Initial,  very  slow  reaction 
rate  which  would  increase  throughout  the  cure.  This  was  not  the  cate  even 
with  the  currently  used  P-BUP/TWT1  system.  Initial  cures  always  displayed 
initial  synergistic  catalytic  activities  and  the  rate  would  remain  constant 
through  most  of  the  cure  until  product  catalysis  occurred. 

(C)  The  effect  HF  had  on  DBTDL  and  CV-X105  sieve  was  studied  b;  following 

the  cure  of  inert  gurtstockf,  with  and  without  HP.  Again,  TDI/PPC  was  used  as 
described  previously;  however,  for  reactions  containing  HF,  that  gas  was 
bubbled  through  a  portion  of  the  P?C  in  an  amount  equal  to  six  percent  of 
the  hydroxyl  group  equivalency.  Thus,  a  substantial  amount  was  presint  and 
in  large  excess  w.th  respect  to  the  catalyst  concentration.  The  eff;ct  HF 
had  on  these  reactions  is  demonstrated  in  Figure  A-5.  The  poisoning  of  DETTDL 
by  HF  is  evident  as  the  HCO  concentration  hardly  changed  at  all.  The  effect 
of  two  different  concentrations  ot  HF  on  the  CVJ-X105-catalyzed  reaction  is 
evidenced  by  a  decrease  in  the  reaction  rf.re  with  increased  HF.  The  fact 
that  catalysis  occurred  at  all  with  the  CW-X105  catalyst  in  the  presence  of 
the  large  quantity  of  HF  is  perhaps  the  basis  for  the  reasonable  success 
experienced  with  P-BEP  propellant  cures. 

(C)  An  additional  effort  was  made  to  study  nn  alternate  catalyst  which 

would  le  a  non-po.sonir.g/non-sieve  compound.  Previously,  our  work  vith  tin- 
catalyzed  P-BEP/NCO  systems  indicated  that  catalyst  poisoning  might  well  be  a 
function  of  how  soluble  the  resultant  alkyltin  fluoride  was  in  the  curing 
matrix.  Thus,  a  precipitate  would  indicate  poisoning,  which  was  the  criterion 
used  by  other  workers.6  Pursuing  this  further,  the  solubility  of  these 
alkyltin  fluorides  appeared  to  be  a  direct  function  of  the  size  of  the  alkyltin 
cation  (assuming  some  degree  of  hydrolysis).  Thus,  one  would  expect  dibutyltin 
dilaurate  and  diacetate  to  behave  identically,  which  was  in  fact,  the  case.  On 
the  other  hand,  n-butyltin  or  dimethyltin  compounds  should  form  generally  more 
soluble  fluoride  salts.  Available  data  on  physical  constants  of  these  compound 
was  In  agreement  with  these  observations.  Consequently,  dimethyltin  dichloride 
(DMTDC)  and  n-butyltin  crlchloride  were  chosen  for  furcher  work.  From  a 
compatibility  standpoint  DMTDC  was  the  most  favorable,  indicating  no  problem 
existed  by  warchglass,  Fisher  Johns  Autoignl tion ,  and  Modified  Taliani  testing. 
(The  latter  compound  showed  a  >200nm  pressure  rise  on  the  Taliani  and  was 
thereby  the  less  favorable  of  the  two.) 
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Fleure  A-1*.  Cata’-sls  of  PPC/TDI  at  120*F  with  0.27.  Dlbutyltin  Dllaurate  and 
f"  0.27.  CW-X105  (Loaded  Sieve)  In  the  Presence  and  Absence  of  HF  (U) 
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(C)  Kinetic  studies,  similar  to  those  previously  described  were  begun 

using  DMTDC.  To  determine  the  effect  of  HP  on  DMTDC  catalysis,  kinetic  studies 
were  also  performed  with  the  inert  TDI/PPC  system  in  the  presence  and  absence 
of  HF,  as  described  before.  Again  the  reactions  were  followed  in  the  T" 
kinetic  plots  were  made.  This  data  is  presented  in  Figure  A-6  ^-in  be  seen, 

the  same  quantity  cf  HP  that  completely  poisoned  0.2H  DBTDL  n>  ..ilghtlv  decrees-' 
the  reaction  rate  of  the  same  quantity  of  DMTDC.  Accordi-  .o  Saunders7,  stror- 
acids  do  tend  to  function  in  this  manner,  "neutraiizir  .  portion  of  the 
catalyst."  Since  rhe  concentration  of  HP  exceeded  the  equivalent  concentration 
of  catalyst  by  a  factor  of  six  we  can  assume  chat  cures  with  move  realistic 
concentrations  of  HP  from  P-BEP  would  be  practically  unaffected  and  should 
thereby  cure. 

(C)  A  concentration  of  0.2ZCVI-X105  aievea  was  found  to  provide  an 

adequate  potlife  in  the  cure  of  P-BEF/TPMTI  propellants.  To  determine  what 
concentration  of  DMTDC  would  provide  an  analogous  cure,  several  cures  were 
made  with  varied  DMTDC  concentrations.  For  all  practical  purposes  0.1  percent 
DMTDC  would  cure  at  a  similar  rate  to  the  current  system.  A  comparison  of  the 
two  P-BEP/TPMTI  cures  with  these  catalysts  is  presented  in  Figure  A-7  . 

(C)  From  these  studies  we  felt  that  at  least  a  b/  Vup  catalyst  was 

available  which  probably  would  function  In  a  more  pred.  able  fashion  than 
the  chemically-loaded  molecular  sieve.  An  effort  was  mcoe  to  study  DMTDC, 
loaded  on  Linde  13X  sieve  according  to  their  "Waring  Blender"  method.^  The 
catalyst  was  loaded  10  percent  by  weight  and  cure  studies  were  performed 
with  both  the  inert  and  P-BEP  gumstock  systems.  The  resultent  kinetic  plots 
of  the  data  indicated  the  DMTDC-loaded  sieve  to  be  cats lyti cally  identical 
to  the  CW-X105  even  In  response  to  HF.  Only  the  rate  was  slightly  slower 
which  could  have  been  due  to  a  number  of  variables,  including  moisture. 

B.  CATALYSIS  AND  INGREDIENT  riOlSTLRE 

(C)  All  DOMINO  propellants  formulated  with  the  CW-X1C5  catalyst  shoueo 

a  vigorous  reaction  between  the  TPMTI  and  residual  moisture.  This  was  evidenced 
by  the  face  that  very  high  NCO/OH  ratios  were  necessary  to  maximize  propellant 
mechanical  properties  and  also  by  off-gas  analyses  where  large  quantities  of 
CO2  were  measured  during  and  after  the  cure  cycle.  Since  ingredient  moiscures 
were  as  low  as  was  practically  possible  (as  all  precautions  were  taken  to 
operate  with  a  dry  system)  we  decided  chat,  rather  chan  attempt  to  cure  with 
an  ultra-dry  system,  perhaps  it  would  be  more  realistic  to  selectively  control 
the  alcohol/NCG  and  water/NCO  reaction*  by  proper  choice  of  catalyst. 

(C)  According  to  Saunders,7  tin  catalysts  were  especially  good  for 

promoting  the  reaction  between  NCO  and  moisture,  preferring  alcohols  over 
moisture  in  a  ratio  of  only  1.5  to  1.  On  the  other  hand,  zinc  compounds  were 
listed  as  good  promoters  of  the  NCO/alcohol  reaction  and  were  not  listed  as 
promoters  of  the  NCO/water- foam  reaction.  2inc  naphthenate  was  readily  avail¬ 
able  and  was  studied  from  boch  the  aspects  of  susceptibility  tc  HF  poisoning 
and  also  NCO/molsture  catalysis.  This  catalyst  was  subjected  to  the  same 
TDI/PfC/HF  Btudles  as  mentioned  before.  A  kinetic  treatment  of  this  data  is 
presented  in  Figure  A-8.  As  can  be  seen,  this  catalyst  was  not  completely 
deactivated  by  HP  but  the  rate  us;  decreased.  It  probably  is  worth  noting 
that  the  decrease  was  more  severe  than  in  the  esse  of  DMTDC,  howe/er. 
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re  a-A.  Catalysis  of  PPC/'ni  at  120*F  with  D.2^  Dimechyltfn  Dichloride  In 

Presence  and  Absence  of  HP  (U; 
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Figure  A-9.  Cits'.ysu  of  PPG/TD1  «t  120*F  with  CW-X105  ^Lo/Jcd  Sievs)  snd 
2  .nc  Miphtheuste  with  snd  Without  Added  Moisture  (u) 
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(*J)  A  conpirison  of  boch  CW-X105  and  zinc  naphthenate  with  respect  to 

unrer  catalysis  os  then  made  using  the  TDl/PrC  6ystcm  with  and  wit  inut  added 
wnr-r.  The  -nois  ore  co-itent  was  equivalent  co  the  added  HF  in  previous  studi  ;s 
and  approx  i-!.ited  a  gumstock  ingredient  moisture  of  0.17,.  Figure  A  -  9  presents 
second  o.v  kinetic  pi  its  of  this  data.  As  can  be  seen  the  CW-X105  reaction 
demonstrate  i  1  ■•(pirous  reaction  with  water  while  the  zinc  naphthenate  reaction 
showed  esse’.1'  ial  ly  no  difference. 

(C)  To  dec  .•'■mine  whether  or  not  2inc  naphthenate  could  actually  eliminate 

the  NC)  reaction  will'  water  in  the  P-BEP/TPMTI  6ystem,  a  similar  study  was 
performed  using  1.0  percent  zinc  naphthenate  with  and  without  added  uater. 
Figure  A-10  presents  kinetic  plots  of  this  data.  As  can  be  seer,  water  did  not 
reac  with  TPMT1  wi*:i  -Inc  naphthenate  cata  lysis. 
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figure  -10.  Catalysis  v.  -  P-BEP/TPffTl  at  i:0*F  wf  h  Zinc  Naihthenatf  with  and 

Without  Added  Watei  (IJ) 
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(C)  Three  methods  for  purifying  TVOPA  have  been  tested,  all  based  on  the 
use  of  silica  gel .  They  are  as  follows: 

(1)  Slurry  process  in  with  the  TVOPA  solution  was  slurried  with 
silica  gel  for  a  short  period  of  time  and  filtered.  This 
procedure  required  a  i/l  ratio  of  TVOPA-to-silica  gel  to 
achieve  purification,  and  the  recovery  of  TVOPA  was  only 

85  percent. 

(2)  Storage  of  the  TVOPA  solution  over  a  3tnall  amount  of  silica 
gel  appeared  to  be  a  promising  procedure.  One  pound  of 
silica  gel  removed  the  isocyanate  demand  from  1  gal  of 
TVOPA-Freon  solution  i:  1  month.  However,  after  storage  of 
the  TVOPA  solution  over  silica  gel  for  3  months,  the  solu¬ 
tion  turned  black  indicating  extensive  decomposition. 
Therefore,  it  is  evident  that  storage  of  TVOPA  over  silica 
gel  is  unacceptable  and  precautions  must  be  taken  to  ensure 
that  all  silica  gel  is  removed  from  the  TVOPA  after  puri¬ 
fication  . 

(3)  Column  purif ication  of  TVOPA  has  proven  to  be  the  most 
satisfactory  method  of  purification.  Extensive  studies 
with  small  columns  showed  that  with  the  TVOPA  in  tho  original 
shipping  solvent  (Freon  113)  a  ratio  of  four  parts  silica 
gel  to  one  part  TVOPA  is  needed  for  removal  of  the  isocyanate 
demand.  However,  replacement  of  the  Freon  with  methylene 
chloride  gave  purified  TVOPA  at  a  2/1  silica  gel /TVOPA 
ratio.  This  reduction  is  important  to  keep  the  size  of  the 
column  at  a  reasonable  level  during  scale  up  as  weli  as 

to  reduce  Che  amount  of  Silica  gel  needed.  The  9illca  gel 
used  is  chromatographic  grade  which  costs  approximately 
$ 5 / lb .  Other  cheaper  grades  of  silica  gel  were  tried  with 
limited  success.  Scale  up  to  20-lb  batches  of  TVOPA  have 
been  made  successfully.  Table  B-I  shows  the  analysis  before 
and  after  purification. 

(C)  Model  binder  reaction  studies  indicate  that  the  purified  TVOPA  does 
not  interfere  with  the  reaction  between  R-18  and  TD1 .  The  use  of  a  1/1 
isocyanate/hydroxyl  ratio  resulted  in  nearly  complete  disappearance  of  che 
isocyanate  in  hr  at  100°  F,  and  binder  gel  to  gunny  solid.  (be.?  Figure 
B-l.)  In  contrast,  the  nonpurified  TVOPA  Increased  the  rate  of  isocyanate 
disappearance,  indicating  chat  the  TVOPA  impurities  react  with  TD1  more 
readily  than  the  R-18.  Also,  the  binder  failed  to  gel  in  the  nonpurified 
TVOPA  even  though  excess  isocyanate  was  added  to  account  for  the  isocyanate 
demand  of  the  TVOPA.  Gel  did  not  occur  in  7  days  at  100°  F.  Thus,  the 
purification  technique  appears  to  have  eliminated  interference  in  the  cure 
react:  ioa  by  the  TVOPA. 
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TVOPA  PURIFICATION 


Analys i s 

Nonpurif ied 

Purif  ied 

Isocyanate  demand,  mg/mo 

°"'A0 

190,  C00 

IR  Analvs i s 

OH 

0.116 

Nil 

Cartor.yl 

0.257 

0.071 

1 66  0  At 

Unchanged 

Unchanged 

162C  A 

Unchanged 

Unchanged 

1518ji 

Unchanged 

Unchanged 

Thin  Layer  Chroma tograpiiy 

3  bands 

1  band 

DTA 

Initial,  °C 

i.JKJ 

250 

Peak,  °C 

250 

26C 

Ur'CLASSIFiRO 

(U)  The  column  purification  oc  TVOPA  was  scaled  to  the  l-lb  '  vel  using 
the  column  shown  in  Figure  8-2. 

(U)  The  TVOPA  in  the  original  shipping  solvent  was  stripped  b-  .  aarging 
and  made  up  to  a  50-percent  Solution  with  methylene  chloride.  Thit  solu¬ 
tion  was  placed  on  a  methylene  chloride  wet  silica  gel  column  and  eluted 
from  the  cclumn  with  additional  methylene  chloride.  Twenty-one  cuts  were 
made  and  tested  by  the  chin  layer  chromatographic  technique. 

(U)  All  cuts  of  pure  TVOPA  were  combined  resulting  in  a  95-percent 
recovery.  Thi3  product  had  an  isocyanate  demand  of  over  100,000  gm / 
equivalent  and  behaved  in  che  cure  study  as  did  the  TVOPA  purified  an 
small  columns.  A  comparison  of  the  infrared  of  purified  with  "u  received" 
TVOPA  is  shown  in  Figure  B-3  and  Table  B-II.  The  effect  of  purifying 
TVOPA  on  the  mechanical  properties  of  R-18  propellants  is  shown  in  Table 
E -III .  Markedly  higher  tensile  strength  and  modulus  is  obtained  when 
using  purified  TVOPA  at  the  same  NCO/OH  ratio,  with  a  -orresponding  drop 
in  elongation.  Proper  adjustment  of  the  binder  stoichiometry  should  per¬ 
mit  the  formulation  of  more  elastic  propellants  should  this  be  desirable. 
Thus,  the  use  of  purified  TVOPA  increases  the  range  of  mechanical  properties 
that  are  attainable . 
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TABLE  B- II 

INFRARED  COMPARISON  OF  "AS  RECEIVED"  AND 
PURIFIED  TVOPA'*- 


‘requency 

•1 

cm 

Interpretation 

2  - 1 

Absorbance  uni ts 

1 

"As  Received"  TVCPA 

1  Purified  TVOPA1 

3610 

Hydroxyl 

0.116 

1  1 

1 

nil 

1731 

Carbonyl 

0.257 

0.071 

1680 

Fluorimino  Carbonate 

nil 

nil  ! 

1 

1660 

— 

0.19A 

1 

0.206 

1619 

V  inoxy 

0.032 

0.038 

1605 

Fluorimino  Nitrile 

nil 

nil 

1513 

N-Fluoro  Azoxy 

0.  106 

0  .  C9  ;  ; 

i 

9A-968,  10A-968  blend 

After  correction  for  absorbance  of  Rohm  6-  Haas  good  -quality  T.’C?A 
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TABLE  B-1II 

MECHANICAL  PROPERTIES  OF  R-18  BINDER  PROPELLAirTS 


Compos i c ion 

-  - f- 

1 

As  Received  ; 

TVOPA 

As  Received 
TVOPA 

T~ 

1  Pure 

i  TVOPA 

AP 

48  , 

42 

i 

;  A8  ! 

HMX 

1 

| 

10 

I 

aih3 

22  j 

18 

22 

|  i 

Mechanical  Prone rt ies 

i 

i 

Tensile,  psi 

67 

68 

i  ^  1 

j  I 

Elongation,  7. 

24  i 

26 

20  ! 

Modulus,  psl 

370 

2S0 

;  560  j 

|  ; 

1 

1 
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(C)  Additional  advantages  from  purifying  the  T'.'OPA  are  as  follows: 

(1)  The  cure  reactions  will  be  much  cleaner  and,  there  for<_-, 
more  reproducible  since  there  will  not  be  compel  it  ior.  for 
the  isocyanate  between  the  TVOPA  impurities  and  th-_  binder 
hydroxyls . 

(2)  The  isocyanate  level  will  not  have  to  be  adjusted  for 
each  different  >oC  of  TVOPA. 

(3)  The  chances  of  poisoning  the  cure  catalyst  (as  observed 
in  P-BEP  scudics)  will  be  reduced. 

(A)  The  stability  of  the  resulting  propellant  should  be 
ire  reased  . 

Based  on  these  results,  Hercules  recommends  that  all  TVOPn  should  ho 
purified  especially  when  used  in  a  urethane  binder. 
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A.  CD.  ^P-AL  APPROACH  j 

t 

tC)  Significant  heat  generation  (vis.ous  shear  heatim.)  occurs  -h.cn  a  j 

viscjus  liquid  is  subjected  to  high  shear  stresses.  This  condition  cy.ists  1 

in  tr.c  recion  of  close  clearance  between  the  tip  of  the  mixer  blade  .i.  ’  the  i 

mixer  vail.  The  high  shear  stress  reselts  from  the  large  vclocit>  gradient 
between  the  tip  of  the  blade  and  the  stationary  mixer  wall.  Th.s  .  x 
particularly  a  serie  s  problem  with  propellant  systems  such  as  h-'.."p,r.\P 
where  thermal  Initiation  levels  are  significantly  lower  than  vim  '•■■■.  nt;:r,ol 
propc 1 lants  . 

(U)  The  propellant  mixture  is  a  power  law  (non-Newconi an)  liquid  with 

temperature  dependent  viscosity.  The  interrelated  effects  of  shear  rate, 

temperature,  and  viscosity  make  viscaus  heating  a  complex,  nonlinear  phonomerr  | 

i 

(10  Besides  the  complex  nature  of  the  liquid,  the  geometry  and  motion  of  [ 

the  mixer  add  furtho;  complexities  to  the  problem.  The  mixer  is  a  vertical  | 

kettle  with  three  in  to  me  .hing  helical  blades  that  operate  ir.  a  planetary  . 

notion.  This  geometry  and  notion  create  flow  patterns  within  the  liquid  1 

which  arc  extremely  d'fficult  to  treat  analytically.  Turing  or.e  cycle  ot  ; 

the  mixing  blades  the  liquid  in  the  clearance  ueeveen  i  lie  mixer  bind.'  tip 
and  the  kettle  wall  nv.y  be  subjected  to  p  ling  heat  generation;  l.immur  ] 

end  turbulent  flow;  velocities  from  zero  eu  several  ft/sec;  ar.d  heat  transfer  | 

by  conduction  and  convection.  In  order  to  determine  uppx_r  limits  of  the  I 

temperature  and  obtain  a  reasonable  approximation  to  the  actual  condi-  1 

tlons,  various  approaches  to  the  problen  have  been  considered.  Three  ! 

approaches  which  were  pursued  are  outlined  below. 

1 .  One-Dlnens ional  Solution  for  f teadv-^tatc ,  laminar  Plow,  S .rpli : ;cd  j 

Geometry  with  Temperature  and  Shear  Rac i penden t  Viscosity 

(U)  Viscotretry,  lubrication,  and  extrusion  ore  important  applications 

where  vlscoua  heating  la  a  problem.  A  brief  review  of  the  literature  indi¬ 
cated  that  several  Investigators  have  worked  co  solve  equations  of  motion 
ana  energy  for  viscous  flow  to  obtain  velocity  and  ter  perature  profiles. 

Kordig  at  Hercules  1  presented  a  closed  form  solution  to  the  subject  problem.  1 

Kcrwever,  Kordlg's  solution  assumed  a  Newtonian  liquid,  a  linear  velocity  j 

profile,  and  a  constant  ratio  of  blade  velocity  to  clearance  between  *hc  | 

blade  tip  and  the  kettle  wall.  Cavls  and  Laurence  in  recent  articles'.  3  a 

presented  solutions  to  equations  of  motion  and  energy  for  plane  and  circular  >j 

flow  of  both  Newtonian  and  non-Newtonian  liquids  with  exponential  dependence 
of  viscosity  on  temperature .  These  solutions  will  be  used  to  determine  upper 
limits  of  the  temperature  ir.  mixing  operations  of  Domino  propellants.  These 
solutions  will  yield  an  upper  limit  because  they  assume  a  continuous  mixer 
blade  and  do  not  allow  for  convective  heat  removal  from  the  clearance 


c 


l 


( 


(U)  The  solution  of  Gavls  and  Laurence  for  plane  flow  between  isothermal 

walls  Is  presented  below.  Tin's  solution  provides  temperature  and  velucit 
profiles  of  a  non-Newtonian  (power  law)  liquid  between  infinite,  parallel, 
plane  walls,  one  of  which  Is  moving  with  a  constant  velocity.  The  nomencla¬ 
ture  used  is  defined  below. 


Nomenc laturc 


li 

k 

m 

n 

P 

v 


■  Brinkman  number  for  power-law  liquid, 

■  Distance  between  blade  tip  and  kettle 

*  Thermal  conductivity  of  liquid,  p  i.m/scc'’  UK 

■  Liquid  consistency,  p/cm  see11 
«  Power-law  Index,  d  irrcnslomess 

*  Integration  constant,  dimensionless 

*  Loc«*l  velocity,  cm/sec 

»  Velocity  of  moving  blade,  cm/sec 

■  1 e-perature  ,  K 


1  -n  l+n 

I  1  r*i 


kT 


wall ,  cm 

1  r> 


■  Maximum  temperature,  at£  ■  !/2,  °k 
-  Coordinate  in  direction  of  flow,  cm. 

»  Position  coordinate,  cm 

■  Temperature  coefficient  for  n,  dimensionless 

■  Temperature  coefficient  for  m,  dimensionless 

■  Reduced  position  coordinate,  z/h,  dimensionless 

m  Reduced  t  <  '<  "acute  (A/n)CX  *  T  )  /T  ,  dimensionless 

^  o  o 

■  Maximum  reduced  temperature,  at  £  •  1/2,  dimensionless 

■  Constant,  dimensionless,  defined  by  Equation  13 


^*eff  ■  Effective  viscosity,  g/cm  sec 

P  -  Density,  g/cm^ 
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Shear  stress,  dyncs/sq  cm 


00 


r 

zy 

o  =  (subscript)  value  of  a  quantity  at  blade  tip  or  'Kettle  '-ill 


(U)  The  liquid  is  one  for  which  the  shear  stress-race  ol  sheer 
ship  is  of  the  form 


T 


zy 


d  v 
dz 


dv 

dz 


re  1  a  t ion 


>.  I  1 


The  consistency,  m,  and  the  power  law  index,  n,  are  functions  of  c  mper.v.  or 
Previous  i  nvesc  igot  inn  has  shown  that  m  is  much  more  sensitive  to  t  top'  r 
ture  than  is  n  md  can  bo  rc pro  sen ted  hy 


m  exp 

o 


T  )/T 
o  o 


The  variation  of  n  is  of  the  form 


n  -  ri  +  u  O  *  T  )  /T 
o  o  a 


i  5' 


but  a  has  been  found  to  he  small  and  temperature  variations  ol  tc 
neglected  in  this  problem. 

(U)  The  problem  ir  considered  for  plane  slu  ir  f  Ur.  only  ‘••---■us.  e : 

narrow  clearance  gap  between  the  mixer  blades  and  the  m  t  t  1>  ..all.  :  1. 
in  narrow  gaps  may  be  approximated  as  plane  t  U’W. 

The  equation  of  motion. 


17  (  >  «  0 

dz  z  v 


bccorr.es,  with  Equation  l,  for  a  power-law  liquid 

|  n  - 1 


dv 

dz 


dv 

dz 


( cons  t  an  t ) 


( 


Then  Equation  5  may  be  integrated  subject  to  boundary  conditions 

v (0)  -  0;  v ( it )  *  V 

o 


(  6) 


^Refer  to  References  at  End  of  Appendix 
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(U) 

to  give,  since  n  is  considered  constant, 


with 


1/n  "Z  dz 

o  „  1  /n 

o  m 


(?) 


(8) 


The  energy  equation 


k  ii  *  m 

c\l 


dv 

dz 


n-1 


/dv 

(di/  ' 0 


becomes,  with  Equations  2  and  3, 


n+1 

n 


d_T  + 


dz"  km 


TTn 


exp 


.j  ^ 


Boundary  conditions  are 


T (0)  -  T(h)  *  T. 


(9) 


(  10) 


(ID 


for  isothermal  walls. 

Introduction  of  the  dimensionless  variables 


and 

C  z/h 
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( 


(U) 

gives  the  following  boundary  value  problems  for  temperature  and  velocity 
fields 


0 


(12) 


X1 


bh2  r. 


knT..rv 
o  o 


rrM 

n 


1/ n 


a 

n 


Br . 


In) 


(13) 


Br 


1-n  1+n 

,  .  h  V  m 
(n)  _ o _ o 

1  "  kT 


Brinkman  numbet  for  power  - 1  <v.  liq-jui 


9(0)  -  0(1)  «  0 


( 15) 


or 


and 


±_ 


-  0;  eO)  *  0 

0 


(16) 


v 

V 

o 


‘  o 

~T 

'  o 


e9dF 


e'd,' 


(  17) 


(U) 


Multiplication  of  Equation  12  by  2(d0/d£)  and  integr at i on  y ie  1  d : 


dr  -  ''2x1)  (p  _  e  > 


(18) 


c 


where  p  is  an  integration  constant.  The  6(0  curve  has  a  maximum  at  In  p. 

.To  the  left  of  the  maximum  d la  poaitive;  the  plus  sign  must  then  be 
used  for  integration  of  Equation  18  between  0  and  In  p.  To  the  right  of  the 
maximum  d0/d£  ia  negative  end  the  negative  sign  is  to  be  used  between  In  p 
and  1 . 
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1NTTCXAT10N  CONSTANT. p  (DIMENS10NT£SS) 


(U)  Equation  18  may  be  integrated  subject  to  boundary  conditions  of 

Equation  15  to  give 


(2  '  ,) 


In  p 


dA 


(p  -  e  ) 


In 


(  p  -  er ) 


(19) 


or  when  Integrations  are  performed  and  resulting  expressions  are  rearranged 
and  simplified 


9 


In 


{p  scth2['_iL)  (2 


(20) 


with  p  given  as  the  solution  of 


P 


cosh 


rV?..* 

V  8  /' 


(21) 


Direct  computation  shows  that  there  are  two  values  of  p  for  each 


(U)  Direct  computation 

^  when  <3.5128,  one  val 
X  j  >3.51^8.  This  Is  i  1 1  *  *  s  t 


value  at 


3.5138,  and  no  real  values  of  p  when 


srrnffd  in  figure  0-1,  when  p  is  plotted  against  X] 


(U)  There  are  thus  two  different  temperature  profiles  for  each  value 

of  for  <3.5138,  The  profile  is  unique  only  when  -  3  . 5  L  3h  .  There 

are  no  solutions  to  the  problem  for  >  3.5138.  Temperature  profiles  arc 
illustrated  in  Figure  C-2  for  several  values  of  Xi  .  Note  that  the  maximum 
temperature,  dm,  occurs  at  p  =  1/2. 

(U)  Velocity  profiles  may  be  determined  when  the  temperature  proiil'. 

Equation  20,  is  inserted  into  Equation  17.  After  integration,  rearrange¬ 
ment,  and  simplification,  there  results 


v 


1 

2 


l  +  tanh 


t  anh 


(22) 


There  are,  of  course,  two  different  velocity  profiles  for  each  ^  when  ^ 
<3.5138,  and  one  when  X^  «  3.5138.  These  are  plotted  in  Figure  C-3  for 
several  values  of  i . 
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REDUCED  TEMPERATURE, 9  (DIMENSIONLESS) 


Figure  C-2.  Temperature  Profiles  -  Reduced  Temperatures,  8  as  i 
Function  of  Reduced  Position  Coordinate, 'f 
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REDUCED  VELOCITY,  VQ  (DIMENSIONLESS) 


REDUCED  POSITION  COORDINATE,-"  (DIMENSIONLESS) 


I  NC  LASS  in  ED 


v 

Figure  C-3,  Velocity  Profiles  *  Reduced  Velocity,  \'0  as  a 
Function  of  Reduced  Position  Coordinate,/ 
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(U)  There  is  a  maximum  shear  stress  which  can  be  applied.  This  is, 

from  Equation  13, 


<o 


nax 


l*''5  (k  T0m0 


l 

n  ;  - 


n+1  ^ 
/“  h  ) 


(2b; 


Furthermore,  for  each  shear  Stress  below  this  value  there  are  two  possible 
temperature  and  velocity  profiles  Physically,  however,  this  presents  no 
problem,  since  the  ambiguity  is  resolved  when  the  Brinkman  number  is  fixe- a 
through  the  magnitude  of  V_ .  By  Equation  13  every  val„e  of  Brinkman  n^rbo 
determines  a  value  of  in  the  range  of  allowable  values  and  fixes  one  of 
the  allowable  solutions  for  that  Xj.  Thus,  the  temperature  and  vo loci  tv 
profiles  are  unique  in  the  Brinkman  number.  Figure  C-w  shows  a  plot  of 


@  Br^n^  against  X^  for 
(n  *  1/2) ,  a  Newtonian 


three  values  of  n:  for  a  shear-thinning 

liquid  (n  =  1),  and  a  shear  thickening  l:q 


1  i  q 

u  i  d 


i  o 


i  rs 


(U)  The  parametric  curves  shown  in  Figures  C-2  and  C-3  illustrate  typical 

results  from  this  closed  form  solution.  The  temperature  and  volocitv  pro¬ 
file  for  a  particular  mixing  problem  can  be  estimated  by 
of  X j  and  Br^'^from  Equations  (13)  and  (lb)  and  reading 
7  and  S  or  by  evaluating  Equations  (20)  and  (22).  Addit; 
curves  will  be  compuced  after  the  'anges  oi  0  ,  h,  n,  n0 , 
established  for  various  mixing  conditions  of  Domino  propellants 


determining  values 
va  Ine  s  I  rom  F  •  .-  u  r  ■  . 

p  :  rare  :  r  . . 
k,  V  and  T  are 


2. 


Determination  of  Local  (Between  the  Blade  Tip  and  Kettle 
Heat  inn  Effects  from  Pulsing  Heat  Cor.ciatint.  ^\d 
Bu l k  Temperature  as  Initial  Condition 


all'' 

state 


(U)  In  this  approach  to  the  problem,  a  steady-state  hulk  temperature 

muse  be  determined.  This  is  the  equilibrium  temperature  of  c:„  liquid  mass 
which  will  be  predicted  analytically  bv  an  energy  balance  met nod  ana  also 
experimentally  by  monitoring  the  temperature  during  mixing.  The  simpliiivd 
model  is  expressed  as  follows: 


heat  generated  ■  heat  scored  +  neat  out 


°r  ^gen  "  ^stored  +  '"'out 

When  the  temperature  of  the  system  reaches  equilibrium,  then  the  heat 
stored  term  goes  to  zero  and 

when  Q  .  *  0 

stored 


Q 


gen 


-  Q 


out 


C 

I 


C-ll 


—  Bf!  (DIMENSIONLESS) 
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Figure  C-i*. 


Plot  of  as  a  Function  of  the  Constant  X  for 

n  1  L 

Power  Law  Liquids 
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(U) 

The  heat  generation  term  will  be  determined  by  evaluating  the  temperature 
time-history  of  the  mixer  system  and  the  propellant  mass.  Alternate  methods 
of  determining  the  quantity  of  heat  generated  are:  (1)  Assuming  all  powo. r 
used  in  driving  the  mixer  is  converted  to  heat  and  (2)  monitoring  the 
temperature  and  flow  rates  or  the  water  in  tne  water  cooling  jacket  of  the 
mixer  . 

(U)  The  next  step  will  be  to  create  a  finite-element  model  of  the 

region  between  the  mixer  blade  tip  ana  the  kettle  wall.  The  finite-element 
model  wi'l  be  used  to  determire  temperature  profiles  using  the  bulk  equili¬ 
brium  temperature  as  an  initial  condition  and  allowing  the  heat  generation 
term  to  be  active  for  a  time  interval  equal  to  one  pass  of  the  mixer  blade. 

(U)  This  model  would  probably  also  yield  conservative  results  if  all 

heat  generation  (power  consumption)  is  assumed  to  occur  in  the  blade  tip 
region . 

3  .  Determination  of  Transient  Thermal  Profiles  by  Modeling  .  ilsc.J 

Heat  Generation,  Two-Dimensional  Heat  Transfer,  with  Temperature 
and  Shea-  P.oto-Dependent  Viscosity 

(U)  This  model  is  the  most  complex  and  will  provide  transient 

temperature  profiles  from  the  start  of  mixing  to  thermal  equilibrium.  The 
model  will  be  developed  around  a  two-dimensional  heat  transler  computer 
program  with  special  provisions  to  account  for  the  pulsing  heat  generation 
(due  to  the  cyclic  movemencs  of  the  mixer  blades)  and  convective  heat 
transfer  to  simulate  the  mass  flow  of  liquid  within  the  mixer. 

(U)  The  consistency  of  the  liquid  will  to  exponential!',  temperature 

dependent 


m  -  mQ  exp  -6  (T  -  T0)/TQ 


and  also  will  follow  a  power-law  model  where 


T 

zy 


“eff 


dv 

dz 


(U)  These  considerations  will  be  used  in  the  solution  cf  the  transient, 

differential  energy  equation 


Heat  stored  ■  Heat  Conduction  +  Heat  Convection  +  Heat  Generation 


>  ■  “  \ 


C- 13 


(U)  to  determine  how  temperature,  T,  will  increase  with  time,  t.  This 
model  requires  extensive  computer  program  development  which  is  not  justi¬ 
fiable  if  satisfactory  results  are  obtained  from  the  previously  described 

models  . 

B.  VISCOUS  SHEAR  HEATINC 

(U)  During  the  previous  discussion  the  subject  of  viscous  shear  heating 
was  treated  generally,  and  three  approaches  to  determining  temperature 
bounds  were  discussed  in  detail.  A  more  specific  solution  was  considered 
to  estimate  the  upper  temperature  limits  in  the  actual  scale-up  process 
equipment,  a  J.  H.  Day  Company  5-gal  regal  mixer.  (See  Figures  C-5  and 
C-6.) 

I .  General  Approach 

(U)  A  finite  element  heat  transfer  model  of  the  loaded  mixer  was 

prepared  and  thermal  profiles  within  the  propellant  mixer  were  obtained. 
The  model  was  especially  constructed  to  predict  the  upper  bound  of  tempera 
tures  in  the  clearance  gap  betwetn  the  mixer  agitators  and  the  inside  wall 
of  the  mixing  bowl. 


(U)  The  analysis  used  consists  of  the  following  elements  and 

—  £  £  'j'rp  £  |  Qp,  e  ; 


(a)  The  geometry  of  the  mixer  was  established. 

(b)  Power  input  to  the  propeilant  mix  was  determined 
from  calculations  based  on  pressure  drop  across 
the  hydraulic  motor  under  loaded  and  nonloaded 
cond  1  tions . 

(c)  All  power  input  Co  the  mixer  was  ut  llzed  in 
heating  the  propellant  between  the  r.xer  blade 
tips  and  the  mixer  wall.  An  overall  heat  transfer 
coefficient  of  100  BTU/hr-ft2  -°F  was  assumed  for 
the  mix  bowl  wall  and  bast. 

(d)  It  was  assumed  no  heat  was  transferred  ‘o  the 
main  mass  of  propellant  chat  was  not  between  the 
blade  tips  and  bowl  wall. 

(c)  The  temperature  rise  in  the  propellant  Is  compared 
to  DTA  data  to  see  if  the  temperature  rise  wculo 
initiate  exothermic  reactions  in  the  propellant. 
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Figure  C-6 .  Motion  of  Three  Agitators  in  the  Day  5-Gallon  Regal 
Mixer  (Top  View) 
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(U)  It  should  be  noted  that  the  heat  generated  by  viscous 

shearing  of  the  propellant  mixture  is  a  function  of  several  parameters 
including  the  viscosity  of  the  mixture.  The  viscosity  Is  generally  both 
temperature  and  shear-rate  dependent.  These  aspects  make  the  heat  genera¬ 
tion  problem  difficult  and  considerable  experimental  work  must  be  accom¬ 
plished  to  determine  the  temperature  and  shear-rate  dependent  viscosities. 
In  the  simplified  analysis  used,  the  heat  generation  was  not  related  to 
viscosity,  but  was  equated  to  power  consumed  during  mixing.  While  this 
approach  did  not  provide  exact  values  of  temperature  Increases  resulting 
from  viscous  ^nearing,  upper  bounds  of  the  temperature  increases  were 
obtained. 


2  .  Power  Consumption 

(U)  The  mixer  is  driven  by  a  hydraulic  motor.  The  hydraulic 

motor  is  powered  by  a  hydraulic  pump  which  is  driven  by  a  7.5  hp  electric 
motor. ^  the  electrical  motor,  however,  be  overloaded  to  as  much 

as  11.25  hp.®  The  power  output  by  the  hydraulic  motor  Is  related  to 
the  pressure  differential  (AP)  across  the  motor  and  the  flow  rate  (0) 
of  the  hydraulic  fluid  by  Equations  ( 24»)  and  (25): 

hp  -  KAPQ  (24) 


(U)  When  AP  is  expressed  in  lb/sq  in.  (.'si)  and  Q  in  gal/min, 

K  »  5.83  x  10'^* .  The  flow  rate,  Q,  is  related  to  the  not  rpm  (combined 
planetary  and  rotary)  of  the  ouCside  blades  os  shown  in  Figure  C-7.5  The 
horsepower  delivered  to  the  mixer  blades  is  limited  bv  shear  pins  which 
are  designed  to  fail  when  AP  ■  1500  psl. 5,  f>  Therefore,  the  maximum 
horsepower  delivered  Co  Che  mixer  blades,  assuming  100-percent  efficiency 
(efficiencies  of  hydraulic  motors  are  generally  less  than  90  percent)^ 
of  the  hydraulic  motor  Is: 

hp  .  ,  .  (5.83  x  10"S(1500  psl)  Q  (25) 

max  to  blades  r  v 

(U)  Maximum  horsepower  to  the  blades  as  a  function  of  rpm  is 

presented  In  Figure  C-8 .  Pressure  differential  (AP)  measurements  (Table  C-I) 
have  been  made  with  the  mixer  running  empty  at  different  speeds.  These 
measurements  have  been  converted  to  horsepower  using  Equation  (24)  and 
Figure  C-7  and  are  also  plotted  in  Figure  C-8.  The  difference  between  the 
maximum  horsepower  and  the  horsepower  to  I un  the  mixer  empty  would  be  the 
maximum  horsepower  available  for  heat  generation,  which  Is  also  shown  in 
Figure  C-8.  This  amount  of  power  would  be  available  only  if  the  pressure 
differential  across  the  motor  Is  at  maximum  (1500  psl).  In  the  mixing  of 
propellants  to  dace,  the  pressure  differential  rarely  exceeded  900  psi.® 
Thus,  assuming  maximum  power  (differential  pressure  of  1500  psl)  will  be 
used  at  each  rpm  levei  should  be  another  factor  to  make  this  analysis  quite 
conservative  . 


5  thru  8 


Refer  to  References  at  End  of  Appendix 
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TABLE  C-I 

DIFFERENTIAL  PRESSURE  (a, P)  MEASUREMENTS  AT  DIFFERENT  RPM 
OF  THE  OUTSIDE  AGITATOR  OF  THE  DAY  5-GALLON  REGAL  MIXER  WHEN  EMPTY 


- 

Test  1 

Test  2 

RPM 

■1 

&P  (tsi) 

&P  AVE  (psi) 

10 

240 

250 

245.0 

20 

270 

260 

260 

270 

265.0 

30 

310 

270 

280 

280 

285.0 

40 

360 

300 

310 

300 

317.  5 

50 

350 

340 

350 

330 

352.5 

60 

410 

370 

380 

360 

380.0 

70 

430 

400 

410 

400 

410.0 

80 

460 

430 

440 

430 

440.0 

90 

470 

4  70 

0 

450 

462.5 

92 

470 

J 

-  0 

L 

463.0 

Notes 

'•  Tests  were  performed  starting  with  the  mixer  at  rest  and 
going  up  to  92  rpm  and  back  to  zero  rpm.  Rpm  is  combined 
rotation  and  orbit  motion. 

i 

Thu  arrows  indicate  the  direction 

of  rpm  change.  J  Indicate^ 

rpm  increasing  and  i 

^  indicates  rpm  decreasing. 
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Figure  C-8.  Maximum  Horsepower  Available,  Horsepower  to  Operate  Mixer 
Empty  and  Horsepower  Available  for  Heat  Generation  as  a 
Function  of  rpm  of  the  Day  S-Gallon  Regal  Mixer 


C-20 


Heat  Transfer  Model 


3 . 

(U)  The  grid  network,  boundary  conditions,  and  material  prop¬ 

erties  of  the  heat  transfer  model  are  illustrated  in  Figure  C-9.  Hercules 
computer  program  No.  61009  (Hetran  11)  './as  used  in  this  analysis.  The 
heat  transfer  model  is  a  heat  balance  where  the  heat  generated  by  viscous 
shearing  is  equated  to  heat  transferred  out  cf  the  propellant  plus  heat 
stored  in  the  propellant.  Convective  heat  transfer  within  the  propellant 
mass  was  not  modeled;  thus,  all  the  heat  generated  either  remains  in  the 
propellant  or  is  transferred  to  the  bowl  wall  by  conduction.  A  uniform 
initial  temperature  equivalent  to  the  temperature  of  the  water  flowing 
through  the  water  Jacket  was  assumed  for  the  entire  body. 


(U)  The  mixer  blades  wer«-  not  modeled  and  the  blades  were  assumed 

to  be  replaced  with  propellant.  Also,  the  ho'l  wall  and  the  water  jacket 
were  not  modeled  In  the  grid  network,  but  .m  overall  heat  transfer  coeffi¬ 
cient  was  used  at  the  boundary  ol  the  prop  llant  and  howl  wall  to  simulate 
the  heat  transfer  characteristics.  This  heat  transfer  coefficient 

(h  was  determined  from  the  following  relationship: 

overall 


I 

^overa 1 1 


1 


scale 


(26) 


(U)  The  terms  on  the  right  side  of  Equation  (26)  represent  the 

resistance  to  heat  conduction  by  the  stainless  steel  •  - 1  1  and  the  water 
scale  deposits  on  the  water  jackec  side  of  the  wall.  The  heat  transfer 
coefficient  of  the  stainless  steel  wall  (hss)  wjf  calculated  from  the 
thermal  conductivity  of  the  stainless  stall  (k  )  and  the  wall  thickness  (t). 

Ss 


h 


ss 


kss  _  8.5  btu/hr-ftZ-°F/ft 

t  “  0,03125  ft 


272  Btu/hr-ft2-°F 


(U)  The  heat  transfer  coefficient  for  the  water  scale  deposits 

(hsc 1 j,.  =  300  Btu/hr-ft  *°F)  was  taken  from  Reference  9.  Using  the  above 
values  for  nS!j  and  hscaje,  a  value  of  hovcratj  =  176  Btu/hr-ft“-  r  was 
obtained.  A  conservative  value  of  hovcrajj  =  100  Btu/hr-ft*--  F  was  used 
in  the  analysis. 

(U)  It  was  assumed  that  all  of  the  power  available  for  heat 

genera. Ion  (Figure  C-8)  ■.  s  consumed  in  th''  0.125-in.  clearance  betwe  -n  the 
blade  tip  and  the  bowl  wall.  Heat  generated  by  viscous  shearing  is  a 

dV 

funecion  of  shear  rate  (”)  and  viscosity.  Heat  generated  is  higher  for 

higher  shear  rates  and  higher  viscosities;  however,  the  relationship  is 
complicated  by  the  fact  that  viscosity  is  shear  rate  and  temperature 
dependent.  Propcilant  mixtures  are  shear  thinning,  l.e.,  the  effective 
viscosity  decreases  wlch  increasing  shear  rate.  The  viscosity  also  decreases 
with  increasing  temperature.  These  phenomena  make  it  difficult  to  make 
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(U) 

a  valid  distribution  of  the  power  consumption  across  the  clearance, 
ure  C-10  shows  cypical  velocity  profiles  across  a  clearance  between 
one  stationary  surface  (the  bowl  wall)  and  one  moving  surface  (the 
mixer  blades).  The  velocity  profiles  depend  on  the  clearnace,  blade 
velocity,  temperature,  and  viscosity.  This  analysis  is  directed  towards 
an  upper  bound  of  temperatures  and  a  distribution  of  the  heat  generation 
which  allows  maximum  heat  generation  at  the  blade  tip  side  of  the  clear¬ 
ance  gap  will  produce  the  most  severe  temperatures.  Therefore,  In  this 
model  the  heat  generation  (from  Figure  C-8)  was  distributed  according  to 

shear  rate  (^)  as  calculated  from  the  lower  curve  cf  Figure  C-10. 

4  .  Rcsu 1 ts 


(l?)  Analyses  were  performed  for  20,  40,  60,  80,  and  100  rpn  of 

the  outside  blades.  These  speeds  correspond  to  the  power  or  heating 
races  presented  in  Table  C-ll. 

(U)  The  results  are  surrma  r  i  2ed  in  Figur-s  C-ll  and  C-12.  Figure  C-ll 

shows  the  maximum  temperarure  increase  (ATmax)  adjacent  to  the  mLxer  blade 
tip  as  a  function  of  time  for  the  different  rpm  levels.  The  numerical 
solutions  show  AT~»v  values  approaching  a  limit  as >mpi o t i s u 1 1 y .  Thermal 
equilibrium  (,,u  change  in  ATmax)  will  bo  attained  when  the  heat  being 
removed  at  th'1  boundaries  is  equal  to  the  heat  generate'd.  The  solutions 
were  continued  until  tne  cnange  in  »d-  less  than  0 .  F/mi.-i.  Figure 

C-12  illustrates  the  final  temperature  profiles  between  the  blade  tip  and 
the  bowl  wall  for  the  different  rpm  levels. 

TABLE  C-II 

POWER  AVAILABLE  FOR  HEAT  GENERATION  FOR  VARIOUS  RPM  OF 
THE  OUTSIDE  AGITATORS  OF  THE  DAY  5-GALL0N  REGAL  MIXER* 


c 


RPM*  of 

Outside  Agitator 

Horsepower  For 

Heat  Generation 

Heat  Rate 
(Btu/hr) 

20 

1.44 

3660 

40 

2.30 

5850 

60 

3. 12 

7930 

80 

3.82 

9700 

100 

4.50 

11420 

*This  rpm  is  combined 

rotation  and  orbit  motion 
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Figure  C- 10 .  Typical  Velocity  Profiles  Across  Clearance  Between 
Rowl  Wall  and  Blade  Tip  -  Dimensionless  Velocity 
as  a  Function  of  Distance  from  the  Bowl  Wall 
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(C)  In  order  to  uae  Figures  C - 1 1  and  C-12  to  determine  if 

viscous  shear  heating  is  a  hazard  in  mixing  a  propellant,  experimental 
data  on  temperature  levels  and  temperature  rise  rates  must  be  available. 

The  lowest  exotherm  temperature  for  various  DOMINO  systems  is  120°  C 
(2-i8°  F)),  The  calculated  maximum  temperature  rise  (Figure  C-10)  is  182°  F 
at  100  rpm.  If  the  mix  starting  temperature  was  70°  F,  the  maximum  tempera 
ture  predicted  by  this  conservative  analysis  would  be  252°  F.  Therefore, 
at  anv  rpm  less  than  100  and  with  the  initial  temperature  of  the  system 
and  the  temperature  of  the  water  jacket  at  70°  F,  the  exotherm  temperature 
at  a  5°  C/mln  rise  rate  would  not  be  attained.  Experimental  data  on  the 
exotherms  at  other  temperature  rise  rates  and  also  at  temperatures  main¬ 
tained  for  longer  time  periods  are  not  currently  available.  These  data 
will  be  obtained  a9  necessary  later  in  the  experimental  work  of  this 
program . 

(C)  However,  based  on  the  conservative  approach  used  in  this 

analysis,  it  is  concluded  that  the  5-gal  mixer  will  not  generate  a  viscous 
shear  heating  problem  if  the  DTA  exotherm  temperature  is  120°  C.  or  greater. 
Care  should  be  exercised  in  designing  mix  cycles,  however,  since-  elevaced 
temperature  mixing  will  further  reduce  safety  margins. 
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(C)  This  program  vt s  designed  to  demonstrate  a  practical  high  energy  propellant  ccn- 
talnlng  a  d If luoroamlno  olnocr,  AlH^,  and  the  advanced  oxidizer  hyd roxy 1 immnn lum 
perchlorate  (HAP). 

(C)  There  were  several  problems  which  had  to  be  solved  before  the  attractive  specific 
impulse  and  density  of  this  advanced  system  could  be  realized  In  a  practical 
propellant.  The  program  was  designed  to  further  explore  problem)  of  in-process 
hazard  ,  system  compatibility  and  stability,  and  obtaining  of t Inun  anJ  repro¬ 
ducible  cures.  The  program  Included:  (l)  A  comparison  of  the  TVOPA  plasticized 
P-BKP  and  lever  energy  polyester  binders,  <2)  scale-up  of  TVCI’a/AIIIj  propel¬ 
lants,  and  (3)  an  evaluation  of  d l f luor earn  l  no  binders  with  ’UP. 

(C)  A  high  Impulse  TVOPA-AlHj  propellant  (VKW)  was  developed  and  successfully 

scaled  to  70-lb  mixes  jnd  15PC  motor  firings.  The  propellant  had  a  delivered 
Impulse  (mJqq)  of  2 to 7  sec  and  a  denslcy  of  0.0612  lb/in.^  The  hinder  consisted 
of  TVOPA  plasticized  polyester  R-1J.  The  mechanical  properties  were  good,  but 
the  ln-pcucesa  hazards  arc  high  and  the  predicted  shelf  life  is  low.  The 
propellants  based  on  P-BKP  were  found  to  be  unstable  and,  therefore,  were  not 
retormended  for  scale-up  past  5PC  motors.  KAP  was  determined  to  be  Incompatible 
with  the  other  propellant  Ingredients  And  w«»  ,  therefore,  dropped  from  the 
program. 
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